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C1.lAm-CTl:RI Z A T I O N  O F  INTERNAL BOUNDARY LAYER 
' 

. CAPACITDRS BASED UPON B a T i O j  AND S r T i O j  

Hyun Duk P a r k ,  Ph.D. 
Depar t rnen t o f  C e r a m i c  T n g i n e e r i n g  

U n i v e r s i t y  o f  I l l i n o i s  a t  Urbana-Champaig .n ,  1 9 5 1  

T h e  p r o p e r t i e s  o f  p o l y c r y s t a l l i n e  e l e c t r i c a l  ceramics 

a r e  g r e a t l y  i n f l u e n c e d  b y  t h e  e l e c t r i c a l  a n d  m e c h a n i c a l  b o u n d a r y  

c o n d i t i o n s  e x i s t i n g  a t  g r a i n  a n d  p h a s e  b o u n d a r i e s .  T h e  d . i e l e c -  

t r i c  p r o p e r t i e s  o f  i n t e r n a l  b o u n d a r y  l a y e r  c a p a , c i t o r  a r e  d i r e c t l y  

r e l a t e d  t o  t h e i r  m i c r o s t r u c t u r e ,  .in w h i c h  s e m i c o n d u c t i n g  g r a i n s  

a r e  s u r r o u n d e d  by c o n t ' i n u o u s l y  ' c o n n e c t e d  t h i n  i n s u l a t i n g  b o u n d a r -  

i e s .  I - I e t e r o g g n e o u s  d i s t r i b u t i o n s  i n  . r e s i s t i v i t y ,  b e t w e e n  c o n d u c t -  

i n g  g r a i n s  a n d  i . n s u l a t  i.nq boundaries, r e s u l t s  i n  t h i n ,  i n t e r f a c i a l .  

s p a c e  c h a r c ~ e  l a y e r s  o f  h i q h  c a p a c i t a n c e  a n d  h i q h  a p p a r e n t  d i e l e c -  

t r i c  c o n s t a n t .  

The  n a t u r e  o f  c e r a m i c  m i c r o s t r u c t u r e  a n d  t h e  e l e c t r i c a l .  

p r o p e r t i e s  of  individual g r a i n s  a n d  j u n c t i o n s  w a s  d e t e r m i n e d  h y  

STEM, m i c r o p r o b e  a n a l y s i s  a n d  n i c r o s c a l e  e l e c t r i c a l  n i e d s u ~ - e m e n t 3  

The  c h e m i c a l  c o m p o s i ' t i o n s  o f  t h e  r e s i s t i v e  b o u n d a r y  r e g i o n s  w e r e  

different. f r o m  t h o s e ' o f  t h e  g r a i n s .  A d d i t i v e s  were c o n c e n t r a t e d  i n  

tile b o u n d a r y  r e g i o n s . ,  forrni.ng r e s i s t i v e  l a y e r s .  L i m i t e d  d i f f u -  

s i o n  o f  t h e  c o u n t e r d o p a n t s  i n t o  t h e  g r a i n  s u b s u r f a c e  f o r m e d  a n  

i n t e r f a c i a l  c o m p e n s a t i o n  l a y e t  b e t w e e n  t h e  i n s u l a t i n g  i n t e r q r a n -  

u l a r  l a y e r  a n d  t h e  s e m i c o n d u c t i n g  g r a i n s .  T h e  e l e c t r i c a l  b e h a v i o r  

o f  t h i s  i n t e r m e d i a t e  l a y e r  was  f o u n d  t o  be s i r n i l ' a r  t o  thaL  of a 

d e p l e t i o n  l a y e r .  

C e r a m i c  m i c r o s t r u c t u r e s  were a p p r o x i m a t e d  b y  a  t h r e e - l a y e r  

n:-c-i-c-n n o d e l  a n d  r e p r e s e n t i v e  equ.i.vd.1en.t c i l - i u . i t ,  w h i c h .  \eraas 



u s e d  t o .  e : ; p l a i n  t h e  v o l  t a q e  d e p e n d e ~ c e  o f  t . b e  d i  e l . e c t . r i c  c o n s t a n t  

a n d  d i s p e r s i o n  l > e h a v i . o r .  C a l c u l a - t e d  p r o p e r t i e s  were i n  q o o d  

a . q r e e m e n t  v i t h  e x p e r i m e n t a l  v a l u e s .  F i n e  g r a i n  m l c r o s ~ t r u c t u r e s  

d e v e l o p e d  b y  l i q u i d  p h a s e  s i n t e r i n g  t e c h n i c u e s ,  w e r e  s u i t a b l - e  f o r  

h i g h  d i e l e c t r i c  c o n s t a n t  m u l t i l a y e , ~  c a p a c i t o r s ,  b a s e d  u p o n  . i n t e r -  

n a l  b o u n d a r y  l a y e r  p h e n o m e n a ,  a n d  t h e s e  c a p a c i t o r s  h a d  s t a b l e  

d i e l e c t r i c  c h a r a c t e r i s t i c s .  



iii 

T h e  a u t h o r  e x p r e s s e s  h i s  s i n c e r e  a p p r e c i a t i o n  t o  h i s  

a d v i s o r ,  D r .  D a v i d  A .  P a y n e  f o r  h i s  g u i d a n c e ,  e n c o u r a g e m e n t ,  a n d  

e n l i g h t e n i n g  d i s c u s s i o n s .  T h e  a u t h o r  a l s o  g r a t e f u l l y  a c k n o w l e d g e s  

t h e  h e l p  o f  D r .  S.. M .  p a r k ,  C . T . A .  S , u c h i c j . t a l  a n d  I .  D .  Ward. 

T h i s  w o r k  w a s  s u p p o r t e d  by  t h e  T r a n s e l c o  D i v i s i o n  o f  F e r r o  

C o r p o r a t i o n  a n d  by t h e  U.'S. D e p a r t m e n t  o f  E n e r q y  u n d e r  C o n t r a c t  

DE-AC02-7GER01198. 



TABLE OF CONTENTS 

Page -- 

INTRODUCTION. . . . . . . . . . . . . . . . . . . . . .  1 
LITERATURE REVIEW . . . . . . . . . . . . . . . . . . .  3 

13 . . . . . . . . . . . . . . . . . . . .  PROPOSED MODEL. 

EXPERIMENTAL PROCEDURE. . . . . . . . . . . . . . . .  20 
A. Specimen Preparation. . . . . . . . . . . . .  2 0 
B. Microstructure Analysis . . . . . . . . . . . .  21 
C. Electrical Measurements . . . . . . . . . . . .  2 3 

RESULTS AND OBSERVATIONS. . . . . . . . . . . . . . .  28 
A. Microstructure Analysis . . . . . . . . . . . .  2 8 
B. Electrical Measurements 4 0 . . . . . . . . . . . .  

. . . . . .  1. Current-voltage Characteristics 4 0 

2. Current-temperature Characteristics . . . .  4 0 
. . . .  3. Capacitance-voltage Characteristics 4 5  

4 Dielectric n i  spers.i.on Behavior. . . . . . .  50 

A. Microstructure Analysis . . . . . . . . . . . .  6 7  

B. Dielectric Properties . . . . . . . . . . . . .  71 
1. Current-voltage Characteristics . . . . . .  71 
2. Capacitance-voltage Characteristics . . . .  7 1 
3. Dielectric Dispersion Behavior. . .  7 5 

REFERENCES. . . . . . . . . . . . . . . . . . . . . . . .  8 3 

51 
APPENDIX A. Phase Diagram for the BaO-TiQ2 system . . 88 
APPENDIX B .  I l i . ~ ~ l e c t r i c  Constants of several SrO-Bi 0 - . . . . . . . . . . . . . .  2 3  8 9  11i02 Compounds 



TABLE OF CONTENTS ( c o n t . )  

APPENDIX C .  E q u i v a l e n t  C i r c u i t  f o r  a T h r e e  L a y e r  . . . . . . . . . . .  n-c- i -c -n  S t r u c t u r e .  9 0  

. . . . . . . . . . . . . .  SUGGESTION FOR FUTURE WORK. 9 3  

. . . . . . . . . . . . . . . . . . . . . . . . .  VITA. 9 4  



LIST OF TABLES 

Table 

. . . . . . . . . . . .  1 . IB I .  Capacitors Investigated 22 

2 . Semiquantitative Analysis of IBL Capacitors . . . .  29 
3 . Material Parameters for IBL Capacitors . . . . . .  76 

. . . . .  4 . Material Properties for a Single Junction 79 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



viii 

LIST OF FIGURES 

Figure Page -- 
1. Conductivity vs. Doping Concentration for Poly- 

crystalline BaTi03 . . . . . . . . . . . . . . . .  5 
2. Dielectric Dispersion Behavior . . . . . . . . . . .  I 

11 

3. SEM photomicrograph of a polished surface of an 'IRL 
capacitor based on SrTi03 in the backscattered 

. . . . . . . . . . . . . . . . . .  electronmode. 15 

4. Energy band diagram and equivalent n-c-i-c-n repre- 
. sentation'of barrier characteristics for an IBL 
capacitor. . . . . . . . . . . . . . . . . . . . . .  16 

5.- Microscale electrical measurement assembly . . . .  2 6 

6. Optical photomicrograph of microscale electrical 
. . . . . .  measurements across a boundary regj.on. 2 7  

7. SEM photomicrograph of a polished and thermally 
etched surface of an IBL capacitor based upon 
BaTi03 . . . . . . . . . . . . . . . . . . . . . .  30 

8. x-ray wavelength dispersive spectroscopy for an 
. . . . . . . .  IBL capacitor based upon BaTi03. 31 

9. TEM photomicrograph cf a polished and thermally 
etched section of an IUL capacitor based upon 

. . . . .  ,SrTi 0. prepared by thc rcplica meL11ud. 
3 33 

10. STEM photomicrograph and electron diffraction pat- 
terns for SrTi03 IBL capacitor prepared by ion- 

. . . . . . . . . . . . . . . . . .  milling method 34 

11. X-ray energy dispersive analysis of an IBL capa- 
citor based upon SrTiO 3. . . . . . . . . . . . .  35 

12, Concentration profiles of grain boundary region 
in a SrTiO IBL capacitor. . . . . . . . . . .  3 36 

1 3 , .  TEM Fhotomicrogr;lph and eleclruri clif  fraction pat- 
terns of a SrTiOj IBL capacitor acceptor-doped 
w i t h  Cu. . . . . . . . . . . . . . . . . . . .  37  

14. X-ray energy dispersive analysis of a SrTiO capa- 
3 . . . . . . . . . .  citor acceptor-doped with Cu 38 

1 5 .  TEM photomicrograph and electron diffraction pat- 
terns of a S r T i O  JBL capacitor with a n--i-n struc- 3 
t u r e . . . . .  . . . . . , . . . . . . . . .  39 



LIST OF FIGURES (cont.) 

Fiaure Paqe - 
16. X-ray energy dispersive analysis of a SrTiO 3 IBL 

capacitor with a n-i-n structure . . . . . . . . . 41 
17. Current-voltage measurements: individual grain, 

boundary and bulk characteristics for a SrTi03 
IBL capacitor (J-1). . . . . . . . . . . . . . . .'42 

18. Current-voltage measurements of individual grain 
and boundary region in a BaTi03 IBL capacitor (G). 43 

19. Current-voltage measurements of an individual 
grain and boundary region in a SrTi03 IBL capa- 
.citor ( 5 - 2 )  .. . . . . . .  . .  . . . . . . . . . . . . . 44 

. 2 O .  Resistivity as a function of temperature for a sin- 
gle grain and junction in an IBL capacitor . . . . 46 

21. Dielectric constant-voltage characteristics for 
IBLcapacitors . . . , .  . . . . . . . . . . . . . . 4 7  

22. Temperature dependent dielectric properties for 
IBL capacitors . . . . . . . . . . . . . . . . . 4 8  

23. Capacitance of a single junction as a function of 
electric field for IEL capacitors. . . . . . . . . 49 

24. .Voltage dependent capacitance of IBL capacitors, a 51 

25.. Frequency dependent dielectric constant and tan 6 
for a single junction in a BaTiO 3 IBL capacitor. . 53 

26. Frequency dependent dielectric constant and tan 6 
for a single junction in, a SrTiO 3 IBL capacitor. . 5 4  

27. . Frequency dependent dielectric constant and tan 6 
for a single junction in a SrTi03 -1BL capacitor. . 5 5  

28. Cole-Cole plot for a single junction in a BaTiC3 
IBL c a y a c i t u r ' .  . . . . . . . . . . . . . . . . . . 56 

29. Cole-Cole plot for a single junction in a SrTiO 
IBL capacitor. . . . . . . . . . . . . . . . . ! . 57 

30. Cole-Cole plot for a single junction in a SrTin 3 
IBL capacitor. . . . . . . . . . . . . . . . . . 5 8  

31. Frcqucncy dependent dielectric constant and tan 6 
for a BaTiO IBL dielectric. , . . , . . . . 59  3 



LIST OF FIGURES (cont.) 

Figure - Page 

32. Frequency dependent dielectric constant and tan 6 
for a SrTiO, IBL capacitors. . . . . . . . . ; . . 60 

J 

33. Frequency dependent dielectric constant and tan 6 
for a SrTi03 IBL capacitors. . . . . . . . . . . . 61 

34. Cole-Cole plot for a BaTi03 IBL capacitor. . . . . 62 
35. Cole-Cole plot for a SrTi03 IBL capacitor. . . . . 63 

36. Col-e-Cole plot for a SrTiOj IBL capacitor. . . . . 64 
37; Cole-Cole plot for a'srTio3 IBL capacitor. . . . . 65 
38. Cole-Cole plot for a SrTi03 IBL capacitor. . . . . 6 6  

39. Schematic diagram of conductivity for a boundary 
region . . . . . . . . . . . . . . . . . . . . . . 70 

40. Current-voitage characteristics for a single junc- 
tion in a SrTi03 IBL capacitor . . . . . . . . . . 72 

41. Energy band diagram with applied bias voltage for 
a single junction. . . . . . . . . . . . . . . . . 74 



I .  INTRODUCTION 

M i n i a t u r i z e d  c a p a c i t o r s  w i t h  n i g l l  d i e l e c t r i c  c o n s t a n t s  

(K), l o w  d i s s i p a t i o n  f a c t o r s ,  s t a b l e  v o l t a g e  ancl t e m p e r a t u r e  

c l ~ a r a c t e r i s t i c s  a r e  r e q u i r e 2  i n  modern  e l e c t r o n i c  d e v i c e s .  Two 

p r i n c i p a l  t y p e s  o f  c a p a c i t o r s  h a v e  b e e n  d e v e l o p e d :  . (i)  t h i n  

c a p a c i t o r s  w i t h  h i g h  p e r m i t t i v i - t i e s  ancl, (ii)  m o n o l i t h i c  c a p a -  

c i t o r s  w i t h  many i n t e r n a l  d i e l e c t r i c  l a v e r s  c o n n e c t e d  i n  p a r a l l e l .  

lio;.:ever, d e s p j . t e  the r e a l i z a t i o n  o f  hiyl :  d i e l e c t r i c  c o n s t a n t s  u p  

t o  1 0 , 0 0 0 ,  t h i n  f i l m  c a p a c i t o r s  h a v e  s u f f e r e d  f r o m  d e f e c t s  a n d  

r e l i a b i l i t y  p r o b l e m s  a n d ,  m o n o l i t h i c  c a p a c i t o r s  f r o m  p r a c t i c a l  

t h i c k n e s s  1 i m i . t a t i o n s .  

I n t e r n a l  b o u n d a r y  l a y e r  c a p a c i t o r s  ( I n L C )  h a v e  been d e -  

v e l o p e d  r e c e n t l y ,  b:ith d i e l e c t r i c  c o n s t a n . t s  o v e r  5 0 , 0 0 0 ,  and  

:! 
s u r p r i s i n g l y  s t a b l e  t e m p e r a t u r e  a n d  v o l t a g e  c h a r a c t e r i s t i c s ;  w i t h  

I 

lo51 d i s s i p a t i o n  f a c t o r s  less  t h a n  1%.  I I o v ~ e v e r ,  t h e  n a t u r e  o f  I 

ceramic i!~icr.us L ~ U C ~ U ~ :  ant: i t c  r e l a t i o n s h i  p t o  e l e c t r i c a l  p r o p e r -  
i 1 

t i e s  i s  n o t  well u n d e l - s t o o d .  I t  i s  h y p o t h e s i z e d  t h a t  i n t e r n a l  [ 
b o u n d a r y  l a y e r  c a p a c i t o r s  a r e  c o m p r i s e d  o f  a n  a r r a y  o f  s e m i c o n -  1 

1 

d u c t i n g  g r a i n s , s u r r o u n d e d  by t h i n  i n s u l a t i n g  b o u n d a r i e s .  n - t y p e  i 
t 

s e m i c o n d u c t i v i t y  i n  p e r o v s k i t e  c e r a m i c s  c a n  be a c h i e v e d  by a 6 
. i 

v a r i e t y  o f  m e c h a n i s m s  i n c l u d i n g  : ( j.) c o n  t r o l l - e k l  v a l e n c e  clopin? 

.hjr a l . i o v a l e n t  i o n s  (wl-1icl.1 a r e  o f  t h e  c o r r e c t  i o n j - c  s i z e  t o  s u b -  
E t! 

! 
s t i t u t e  i n  t h e  l a t t i c e ) ,  o r  b y -  ( i i )  s i n t e r i n g  i n  a r e d u c i n q  a t -  I 
n ~ o s p l ~ e r e .  I n s u l a t i n g  i n t e r n a l  b o u n d a r y  l a y e r s  c a n  b e  r e i n t r o d u c e d  

t 



by: (i) chemical counterdoping or (ii) gaseous reoxidation 

aloncj grain or phase boundaries. Conceptually, internal boundary 

layer dielectrics can be thought of as an heteroqeneous distribu- 

tion of resistivities Setween conducting grains (9-type) and in- 

sxlating boundaries. The resistivity distribution can be 

P! 
, ( .. .J approsimated b y  a series microstructure model, where.continuously 

connected boundaries normal to flu): passage block the transport 

of chai:ge, tk~us setting up thin interfacial space charge layers r 

of subsequent high capacitance and ap~arent dielectric constant 

An attenpt Vias ~r?.ade to gain knowledge of inZividua1 grain 

and boundary conditionsi with investigations on microstructure 

and microscale electrical measurements, so as to determine their 

intrinsic properties. A model was subsequently proposed to ex- ! 

C 
plain extrinsic polycrystalline properties in terms of intrinsic 

I 
i ?  

single graln and boundary characteristics. 
* .  

' 1  . E'lne grain microstructures, suita.ble for multilayer ,nter- f 
nal boundary layer capacitors, were developed by microstructural 

engineering techniques. Semiconducting SrTiO grain boun6aries 3 

were reinsulated by liquid phase sintering with Pb Ge 0 and 
5 3 11 

' 2 ' 3 .  
These materials were rhosen because they melt at relatively 

lower temperatures, solidify to ir?sulators,and are grain gro~;?th f 



11. LITERATURE R E V I E W  

Since anomalously high apparent dielectric constants (I('.) 

were first reported for certain types of ?olycrystalline ceramic 

materials, much work 3-7  has heen done on semiconducting ceramics 

for the development of high capacitive 2evices. n-type semicon- 

ductivity in the perovskite family of materials can be achieved 

by either sintering in a reducing atmosphere or,by aliovalent 

21- 
6opin~. Dono'r ions incorporated ~t Ba sites carry an excess 

positive charge, which may be compensated by either (i) the forma- 

tion of conduction electrons, (which is favored at low oxygen 

partial pressures and nigh temperatures) or by ( i )  cation vacan- 

cies (which predominate at low tempratures and high osyyen par- 

8 
tial pressures ) .  Analogous monova,lent substitution results in 

p-type semiconductivity which is observed only at elevated tem- 

.perature due to deep traps, or at high oxycjen partial pressures 
,i 

(It due to acceptor-type vacancies in the barium sublattice. i 
i 

is even reportec! that anomalous n-type sernicond:~ctivi.ty can 'be ! 
D 
I 
1 

obtained at room temperature in BaTiO which contains small amounts 3 ' 1 
+ . 2c  10 f 

of Ag substituted for Ba . 1 ! 
t 

For explanations of semiconducting behavior in doped ! 

ported that n-type semiconductivity is increased with dopant con- 

centration up to a certain limit, and for higher dopant concen- 

trations, the conductivity decreased anomalously as shown in Fiqure t 



1 . .  T h i s  phenonwnon w a s : e x p l a i n e c l .  i n  t e r n s  o f  a c c e p t o r  t r a p s  

c o m p e n s a t i n g  f o r  d o n o r s .  F o r  t h e  c a s e  o f  L a 2 0 3  d o p e d  BaTiO 3 ' 
2-k 

two n e i g h b o r i n g  Da i o n s  may b e  r e p l a c e d  by t w o  i o n s ,  
11 

f o r  e x a m p l e ,  w i t h  t h e  b a r i u m  v a c a n c y  c o u p l e d  t o  t h i s  p a i r ,  t h u s  

f o r m i n g . a n  a c c e p t o r  t r a p .  
1 3  

The  e l e c t r i c a l  c o n d u c t i v i t y  o f  p o l y c r y s t a l l i n e  c e r a m i c s  

made s e m i c o n d u c t i n g  h i  a l i o v a l e n t  d o p i n q  i s  e x t r e m e l y  s e n s i t i v e  

t o  t h e  c o n c e n t r a t i o n  a n d  d i s t r i b u t i o n  o f  d o p a n t s  a n d  s i n t e r i n g  

c o n s i t i o n s .  S e v e r a l  w o r k e r s  i n v e s t i g a t e d  t h e  e f f e c t  o f  d o p a n t s  

o n - t h e  s e m i c o n d u c . t i v i t y  a n d  m i c r o s t r u c t u r e  o f  B a T i 0 3 .  u e o k a  1 4  

r e p o r t e d  0 . 1 - 0 . 6  a t o m i c  % Z o p i n g  v:ith t r a n s i t i o n  e l e m e n t s  \:as 

e f f e c t i v e ,  t .houqh t h e  op t imum c o n c e n t r a t i o n  d i f f e r e d  f r o m  a d d i -  

t i v e  t o  a d d i t i v e .  F o r  t h e  c a s e  o f  r a r e - e a r t h  d o p a n t s ,  l5 t h e  

e l e c t r i c a l  c o n d u c t i v i t . y  i n c r e a s e d  w i t h  i n c r e a s i n g  d o p a n t  c o n c e n -  

t r a t i o n  a t  low l e v e l s ,  b u t  e x h i b i t e d  a naxirnurn c o n d u c t i v i t y  a t  

a s p e c i f i c  d o p a n t  c o n t e n t :  ' L a r g e  g r a i n  s i z e s  ( >  1 0 ,  ~ m )  r e s u l t e d  

w t l e ~ i .  L11e i l u p t . ~ - ~ L  C O ~ I C ~ I - I  L r a t i o n  was less t h a n  0 .  2 a t o m i c  'k, a n d  

t h e  l a t t i c e  c o n s t a n t s  w e r e  s i m i l a r  t o  t h e  u n d o p e d  m a t e r i a l .  G r a i n  

g r o w t h  was  i n h i b i t e d  by d o p i n g  a t  h i g h e r  l e v e l s ,  , a n d  t h e  l a t t i c e  

-1 -1 
c o n s t . a n t s  c h a n g e d .  C o n d u c t i v i t i e s  l ess  t h a n  1 0  R -cm were ob-  

t a i n e d  f o r  a d d i t i o n  o f  Al2O3,  S i 0 2  a n d  T i 0 2  t o  B a T i 0 3 ,  w h i c h  was  

s i n t e r e d  i n  t h e  1280-1380°C t e m p e r a t u r e  r a n g e .  l6 ~ a h n l '  r e p o r t e d '  

h i g h e r  e l e c t r i c a l  c o n d u c t i v i t i e s  i n  l a r g e r  g r a i n  m i c r o s t r u c t u r e s  

f o r  n i u b i u ~ u  doped RaTiO;. ~ a t u r i ' l  r e p o r t e d  i n  o s t u d y  o f  0 . 1  

m o l e  % Ce . d o p e d , E a T i O  t h a t  c o m p o s i t i o n s  g r e a t l y  d i f f e r e n t  f r o m  3 ' 
p u r e  13aTiOj, d i d  n o t  y i e l d  r e a d i l y  t o  v a l e n c e  d o p i n g  t e c h n i q u e s .  

I n t e r g r a n u l a r  b l o c k i n g  l a y e r s  w e r e  i m p o r t a n t  f o r  many 

e l e c t r i c a l  p r o p e r t i e s  i n  semiconductinq-insulating e l e c t r i c a l  



FIGURE 1. Conductivity vs. Dopinq Concentration for 
Polycrystalline 13aT i03 .  



G 

c e r a m i c s .  F o r ' U a T i Q 3 ,  a n  i n c r e a s i r g  t h i c k n e s s  o f  b l o c k i n g  l a y e r  

l e a d s  t o  a c o n t i n u o u s  c h a n g e  f r o m  PTC r e s i s t o r  c h a r a c t e r i s t i c s l  

t o  i n t e r n a l  b o u n d a r y  l a y e r  c a p a c i t o r  b e h a v i o r .  I!eywang 1 3 , l S - 2 0  
r 

i n  a  p i o n e e r i n g  se r i e s  o f  p a p e r s ,  d i s c u s s e d  t h e  e l e c t r i c a l  b e h a -  

v i o r  o f  s e m i c o n d u c t i n g  B a T i 0 3  i n  terms o f  p o t e n t i a l  b a r r i e r s  

( i . e . ,  d e p l e t i o n  l a y e r s ) .  T h e s e  c o u l d  f o r m  a t  t h e  s u r f a c e  o f  

BaTiO g r a i n s  d u e  t o  a c c e p t o r - t y p e  s u r f z c e  s t a t e s ,  b u t  t h e  n a t l l r e  
3 

a n d ' f o r m a t i o n  o f  t h e s e  s u r f a c e  s t a t e s  h a v e  n o t  y e t  b e e n  s a t i s f a c -  

t o r a l l y  e x p l a i n e d .  f!eywang13 p r o p o s e d  t h e  p o t e n t i a l  b a r r i e r s  

f o r m e d  d u e  t o  p r e f e r e n t i a l ,  s e g r e g a t i o n  o f  a c c e p t o r  c a t , i o n s  a t  

t h e  i n t e r n a l  s u r f a c e s  o r  g r a i n  b o u n d a r i e s ,  w h e r e a s  ~ b n k e r * ' .  a t - -  

t r i b u t e d  t h e  s u r f a c e  s t a t e s  t o  a n i o n  a d s o r p t i o n  a t  g r a i n  boun-  

d a r i e s .  ~ a n i f l  e t  a 1 2 2  c o n s i d e r e d  t h e  s u r f a c e  s t a t e s  a s  t h i n  -- 
d i f f u s i o n  l a y e r s ,  w i t h  a n  i n c r e a s e d  c o n c e n t r a t i o n  of b a r i u m  

v a c a n c i e s  a t  t h e  g r a i n  b o u n d a r i e s .  R e c e n t l y ,  w e r n i c k e Z 3  p r o p o s e d  

a  two  l a y e r  m o d e l  ( d i f f u s i o n  l a y e r  a n d  s e c o n d  p h a ' s e  l a y e r )  t o  

e x p l g i n  t h e  d i e l e c t r i c  b e h a v i o r  o f  IEL c a p a c i t o r s  b a s e d  o n  S r T i O  3  ' 

I n s u l a t i n g  b o u n d a r y  l a y e r s  w e r e  i n t r o d u c e d  i n  a  s e c o n d  f i r i n g ,  i n  

which  a Pb0-Bi203-B2O3 m i x t u r e  h7as i n f i l t r a t e d  a t  1000-1200°C i n  

a i r .  2 4  vo n o v i ~ h ~ ~  s u g g e s t e d  t h e  f o r m a t i o n  o f  i n s u l a t i n g  h a k r i e r s  

o n  r e d u c e d  BaTiO was  a d i f f u s i o n  c o n t r o l l e d  p r o c e s s ,  i n  w h i c h  ' 3  

a n i o n  d i f f u s i o n  o c c u r r e d  i n t o  t h e  o 'xyuen - d e f i c i e n t  l a t t i c e .  T h u s ,  

c a p a c i t a n c e  a n d  r e s i s t a n c e  c h a r a c t e r i s t i c s  o f  i n t e r n a l  h a r r i e r  

l a y e r  c a p a c i t o r s  m i g h t  b s  g r e a t l y  i n f l u e n c e c l  by  r e o x i d a t i o n  p r o -  

cesses. 

S e v e r a l  s t u d i e s  h a v e  a l s o  b e e n  c a r r i ' e d  o u t  o n  t h e  i n t e r -  

r e l a t i o n s h i p s  b e t w e e n  m i c r o s t r u c t u r e  a n d  e l e c t r i c a l .  p r o p e r t i e s ,  

s o  2 s  t o  d e t e r m i n e  t h e  n a t u r e  o f  i n t e r f a c i a l  s t a t e s .  B a r r i e r  



\ 
7 

I. 2 layers were made visible h y  decoration techniques ,and by ion 

induced electron emission microscopy. 26 Microprobe investiga- 

tions showed acceptor dopants were concentrated mainly in the 

interface region ,I3 which were hiqh resistance regions, as de- 

termined by measurements of potential profiles with a travelling 

probe. ~erthsen -- et a127 measured single grain boundary capa- 

citance by a slicing and thinning technique, and suggested that 

an intermediate layer of the rich second phase might exist. at 

grain boundaries, between neighboring BaTiO grains. Wernj.cke, 2 3 
3 

in the study of Pb0-Ri203-B203 infiltrate2 semiconducting SrTiOj, 

explained the.formation of a second phase in terms cf selective 

me]-ting reactions; and the composition of the second phase layer 

was proposed to be a layered perovskite type material (probably 

Pb Ili4Ti G ),which recrystallized from a glassy matrix. Bonqers 2 5 1.8 

ct a12' studied the microstructures of I R L  capacitor based on -- 

SrriO,, in which Bi203, PbO and B203 were also infiltrated into 
J 

reciu~ed SrTiO discs and reported that SrTi03 grains appeared to 
3 

be completely surrounded by a second phase, which was identified 

by x-ray diffraction and electron microscope lattice fringe ima- 

ging techniques, but was identified this time as crystalline. 
'¶ 

Sr2Di4Ti 0 L 

5 18' 
The thickness of the secondary phase was estimated 

t 

from SEM microqraphs to be of the order of 0.1. to 0.5 p m .  

Most of the fabrication processes for IBL capacitors are 

report.ed in the patent 1.iterature. Dielectric constants of 75,000 

29 2+ 4+ were obtained i n  the system (13al-xIix ) 0 Z (Ti W ) 03, 
1--Y Y 

,-: 
, ' ..J 2+ 4+ 

where M represents Ca, Sr, P h  or Mg and M was Zr, S n ;  and Z t 
f 

!lad val.ues between 1.005 to 1.05. This formulation contained at . l 
C 

least two different dopants, of which one (e.q., Sb, La, 1Jb; pi) 



produced nltypq semiconductivity in the grains, and the other 

(e.g., Cu, Fe, Mn) compensated for n-type conc?uetivity at the 

surface layers. IET, capacitors with a dielectric constant of 

40,000 were also developed using pure SrTiO 3 ' 
30 Nh205 or Ta203 

were used as donor dopants; and Ri203 (or mixtures of Di203 with 

PbO and B203) was diffused in for formation .of insul-ating l-;oun- 

dary layers. I B L  capacitors based on paraelectric SrTiO had 3 

improved temperature stability; and were more suitable for high 

frequency applications, than IBL capacitors based on BaTiO 3 1 
3 ' 

Formation of insulating boundary layers is dependent on 

the type of dopants and their amount, and the second firing pro- 

32 cess. Waku reported in his study on 9 y  0 doped EaTi03, that 2 3 

Cu, Mn, Bi and T1 were the most desirable counter dopants for 

high dielectric constants,and low dissipkion factors in a rela- 

tively wide concentration range. Dielectric constants and dissi- 

pation factors decreased, and resistivity increased rapidly, with 

incressing second firing temperatures. The dielectric character- 

istics were affected by the EaO/TiO2 stoichiometry ratio of the 

starting materials. The most desirahle values were l>et~\leen 1.01- 

1.02. 

Anomalous electrical behavior of heterogeneous dielectrics 

may be explained in terms of Max~tlell-b?agner theory. Mas\\lel.l 3 3 

theoretica~liy demonstrated the possibility of dielectric absorp- 

tion in double layer dielectrics,e:here constituent layers had 

34 ' differing electrical conductivities. Wagner derived expres- 

sions for the dielectric constant and dielectric loss,'of mix- 

tures containing conducting spheres dispersed within a uniformly 

insulating dielectric continuum. 



When a  composite m a t e r i a l ' s  d i e l e c t r i c  behavior d i f . f e r s  

d from e ' i the r  t h e  c o n s t i t u e n t  m a t e r i a l s , .  due t o  space-charge po- 
- .  

l a r i z a t i o n  p rocesses ,  t h i s  e f f e c t  has been termed I\lax1\7ell-P.?agner 

behav'ior. Several  methods were proposed t o  analyse d i e l e c t r i c  

d i s p e r s i o n  d a t a .  Cole-Cole a n a l y s i s 3 5  hns heen known t o  be an 

e f f e c t i v e  method f o r  r ep resen t ing  d i e l e c t r i c  d i s p e r s i o n  behavior ,  

i n  which t h e  d i e l e c t r i c  cons tan t  K '  ( u )  i s  p l o t t e d  a q a i n s t  d i e l e c -  

t r i c  l o s s  K " ( w )  i n  t h e  complex p lane .  Mate r i a l s  possess ing  i d e a l  

Debye-type r e l a x a t i o n  behavior can be descr ibed  h y  t h e  f o l l o ~ ~ ~ i n g  
\ 

s e t  of equa t ions :  

K; i s  t h e  s t a t i c  d i e l e c t r i c  cons tan t  

I < '  I s  t h e  h i g h  f requency  d i e l e c t r i c  Constant 
03. 

K "  i s  t h e  d i e l e c t r i c  l o s s  

w  i s  2 n  frequency 

T i s  t h e  r e l a x a t i o n  t ime.  

The Cole-Cole re1af.ionshi.p would be re s resen ted  by a s e m i c i r c l e ,  

w i t h  i t s  c & n t e r . o n  t h e  K 1 ( w )  a x i s , a n d  i n t e r c e p t s  corresponding t o  

I<$ and XA. However, t h i s  s ing le - type  r e l a x a t i o n  behavior i s  r a r e -  

l y  observed i n  complex ceramic m a t e r i a l s .  Genera l ly ,  w h a t  i s  oh- 

s e r v e d , i s  a broader range f o r  d i e l e c t r i c  cons tan t  r e l a x a t i o n  and 



dielectric loss ,absorption, accompanied hy smaller maximum values 

of dielectric loss, than predicted by the simple Debye theory, as 

35 ill-ustrated in ~ i q u r 6  2 .  I<. S .  Cole and R. I!. Cole suggested 

that for this more complex ~ituation~the dielectric behavior 

might follow an empirical expression, 

where K* was the complex dielectric constant, j,the imaginary nun-, 

her, and a ,  a distribution coefficient between 0 and 1. Cole and 

  avid son^^ found that experimental results for certain materials 
did not exhibit symmetrical relaxation arcs, but a skev~ed distri- 

,.? ; :  bution. This was represented by 
__I 

I 

1 with 'a distribution constant a between 0 and 1. I 

The Maxwell-Wagner model of a diphasic dielectric has been 

successfully applied by several investigators to explain the dis- i 

persion behavior of semi-insulating ceramic materials. Electrical 
i 

' j 
t 

parameters for a diphasic series microstructure were derived by 

~ i l b o r n ~ ~  and presented later by Payne. 39  ~ o o p s ~  explained the 
1 

dielectric relaxation behavior of nickel-zinc ferrite by assuming r' 
i 
f 

semiconducting grains were surrounded by insulating layers. Diel- i 
ectric dispersion behavior of ZnO varistors( the microstructures 1 

$ 
of which consist of semiconducting ZnO grains and insulating boun- i 
dary layers) was explained in terms of a Maxwell-11'agner model. 

4 0 

*c 
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DIELECTRIC CONSTANT, K '  

F I G U R E  2 .  Dielectric D i s p e r s i o n  nehav io r  . 3 5  



1 2  

14ilborn3'  s t u d i e d  d i e l e c t r i c  d i s p e r s i o n  i n  s i n t e r e d  c o m p a c t s  o f  

a -Fe203 ,  and  a n a l y s e d  t h e  d a t a  i n  t e r m s  o f  a  m u . l t i p l e - l a y e r  mo- 

d e l , . w h i c h  was a n a l o g o u s  t o  t h a t  d e s c r i b e d  by C o l e  a n d  Dav idson .  

. T u r i k  e t  a 1 4 1  s t u d i e d  t h e  d i e l e c t r i c  d i s p e r s i o n  b e h a v i o r  -- 
o f  p , o l y c r y s t a l l i n e  f e r r o e l e c t r i c s  o f  t h e  p e r o v s k i t e  s t r u c t u r e , .  

o v e r  a  b r o a d  f r e q u e n c y  r a n g e ,  and  r e p o r t e d  a  r e l a x a t i o n  f r e q u e n c y  

a r o u n d  100  M H z  f o r  c h e m i c a l l y  p u r e  ' B ~ T ~ O  
3  - C o a r s e  g r a i n  m a t e r i a l  

(50 p m )  had  a  lower d i s t r i b u t i o n  f a c t o r  ( %  = 0 . 0 3 )  t h a n  f i n e  g r a i n  

m a t e r i a l  and  a n e a r  s e m i c i r c u l a r  a r c ;  w h e r e a s  f i n e  g r a i n  BaTi03 

(1 p m )  showed a  h.igh d i s t r i b u t i o n  f a c t o r  (a  = 0 . 4 1 ) ,  d e v i a t i n g  

m a r k e d l y  f rom s i m p l e  Debye b e h a v i o r  when a n a l y z e d  on a  C o l e - C o l e  

p l o t .  F o r  s e m i c o n d u c t i n g  (Ba ,  S r )  T i 0 3  s o l i d  s o l u t i o n s ,  t h e  r e l a x -  

a t i . o n  f r e q u e n c y  i n c r e a s e d  w i t h  i n c r e a s i n g  S r  c o n t e n t ,  i n t o  t h e  

g i g a h e r t z  r e g i o n  f o r  Ba 
0 . 5  

S r 0 . S T i 0 3 .  S i m i l a r  r e s u l t s  were r e -  

p o r t e d  f o r  BaTi03 and  ( B a , S r ) T i O j  IBL c a p a c i t o r s .  4 2  E d a h i r o  --- e t  

al!' e x p l a i n e d .  d i e l e c t r i c  d i s p e r s i o n  b e h a v i o r  o f  IBL c a p a c i t o r s  - 
L 

based o n  S rT i .0  by Maxwell-Wagnel L l ~ e u r y :  and r e p o r t e d  t h e  r e l a x - -  3 
r 
f 

5 a t i o n  f r e q u e n c y ,  which  was a r o u n d  1 0  Ilz, s h i f t e d  t o  l o w e r  f r e q u e n -  I 
8 

c i e s  a s  t h e  c o n d u c t i v i t y  o f  t h e  g r a i n s  d e c r e a s e d ,  wh ich  w a s  t o  be I I 
e x p e c t e d  f rom Maxwell-Wagner t h e o r y .  The r e l a x a t i o n  f r e q u e n c y  I r, 

was found  t o  i n c r e a s e  w i t h  i n c r e a s i n g  i o n i c  s i z e  o f  t h e  a l i o v a l e n t  1 
r a r e - e a r t h  i o n s  ( R e )  s u b s t i t u t e d  i n t o  t h e  SrTi0,-ReFeO, b a s e d  c a -  

4 d 

pac i  t o r s .  



111. PROPOSED MODEL 

The  d i e l e c t r i c  p r o p e r t i e s  o f  p o l y c r y s t a l l i n e  i n t e r n a l  

b o u n d a r y  l a y e r  c a p a c i t o r s  (IBLC) a re  g r e a t l y  i n £  l u e n c e d  by t h e  
9 

, e l e c t r i c a l  b o u n d a r y  c o n d i t i o n s  e x i s t i n g  a t  g r a i n  a n d  p h a s e  boun-  

d a r i e s .  Two e x t r e m e s  o f  c e r a m i c  m i c r o s t r u c t u r e s  h a v e  b e e n .  p r o -  

p o s e d , 4 3  w h i c h  i n  t u r n ,  d e p e n d  upon  t h e  ceramic p r o c e s s i n g  

c o n d i t i o n s  u s e d ,  a n d  w h i c h  ma17 be e n q i n e e r e d  i n t o  c e r a m i c s  f o r  t h e  

d e v e l o p m e n t  o f  s p e c i f i c  p r o p e r t i e s :  ( i )  g r a i n / g r a i n  s e p a r a t i o n  

by  a n  i n s u l a t i n g  b o u n d a r y  p h a s e  ( i . e . ,  a  p r o p o s e d  n - i - n  s t r u c -  

t u r e ) ,  a n d  (ii) g r a i n / g r a i n  c o n t a c t  w i t h  i n t e r m e d i a t e  s u r f a c e  

s t a t e  ( i  . e . ,  a p r o p o s e d  n-c-n  s t r u c t u r e )  . 
On t h e  b a s i s  o f  " m i c r o s t r u c t u r a l  a n a l y s i s  a n d  m i c r o s c a l e  

e l e c t r i c a l  m e a s u r e m e n t s ,  c o m ~ e r c i a l  i n t e r n a l  b o u n d a r y  l a y e r  ( I B L )  

c a p a c i t o r s  w e r e  f o u n d  t o  o f t e n  e x h i b i t  a n  h y b r i d  r e p r e s e n t a t i o n  

. b e t w e e n  t h e s e  t w o  e n d  member a s s e m b l a g e s  ( i . e . , - a  n - c - i - c - n  s t r u c -  

t u r e )  . 

A .  n - i - n  S t r u c t u r e  

T h e  m i c r ~ s t r u c t u r e  o f  r e s e a r c h  a n d  d e v e l o p m e n t  IBL c a p a -  

c i t o r s ,  i n  w h i c h  t h e  h o ~ ~ n d a r i e s  b e t w e e n  n - t y p e  s e m i c o n d u c t i n g  

g r a i n s  were re i .ns111.a ted  by l i q u i d  p h a s e  s , i n t e r i n g  t e c h n i q u e s  ( w i t h  

Pb5Ge3011 o r  R 2 0 3 ),can be r e p r e s e n t e d  b y  a  d i p h a s i c  s t r u c t u r e f i n  

w h i c h  c u b e s  o f  u n i f o r m l y  l o w  r e s i s t i v i t y  g r a i n s  w e r e  c o m p l e t e l y  

su r rn i . inded  by a c ~ n t i n u o u s 1 . y  c o n n e c t e d  i n s u l a t i n g  b o u n d a r y  r e g i o n .  



B. n-c-i-c-n Skructure 

For commercial IBL capacitors formed from BaTiO and 
3 

SrTiOj by valence doping, chemical counterdiffusion and rein- 

sulation methods, the microstructure can be expressed in terms 

of a triphasic struct.ure, in which an intermediate layer forms 

in the subsurface of semiconducting grains by limited diffusion 

.or segregation, in addition to insulating boundaries between 

the grains. The intermediate compensation layer can be thought 

of as a Schottky type depletion layer, in which the capacitance 

would be dependent upon applied voltage. 

Since the boundaries are con.tinuously connected as illu- 

strated in Figure 3, the microstructure of I B L  capacitors can be 

approximated by a brick-wall model of ceramic microstructure, 

which facilitates analysis of electrical pro~erties. Series mixing 

rules are appropriate for heterophasic I B L  capacitors in which the 

resistive boundaries normal to flux passage interrupt the lines of 

3 9  . 
flux, i.e., resistivity distribution by the boundary conditions. 

Furthermore, the brick-wall 'model can be reduced to a Maswell- 

Wagner multilayer model, since the total impedence of a set of 

series connected impedences (representing dielectric layers 'ar- 

ranged at random in plane strata normal to the electric displace- 

ment) is independent of their sequence. 

An energy band diagram at thermal equilibrium and a corre- 

sponding electrical equivalent circuit for a 3-lager modellis 

shown in Figure 4, where each l'ayer has capacitance paralleled by 

resistance. The apparent junction capacitance ( C )  per unit area, 

is cj.iven by the capacita~ice of the insulating layer ( C i )  and the 

F R 
series connected forwzirc! ( C  ) and reverse ( C  ) biased layers, 

C C 



F I G U R E  3. SEM photomicrograph of &ipol i she  of an 
IBL capaci tor  based on  3r~j.0, in 

2 
electron mode, ,_., i -- .- 9 
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SINGLE JUNCTION MODEL 

PQ----- dl- INT~faGRANlJl- AR LAYER 
. .. bdz+"4  / 

1 I 

EQUIVALENT CIRCUIT 

=& LAYER MODEL , 

FIGURE 4. Energy band diagram and equivalent n-c-i-c-n 
representation of barrier characteristics for 
an IBL capacitor. 



which is equivalent to 

where, E is the permittivity of free space, K 3  0 
and K2 the re- 

spective dielectric constants of the insulating and intermediate 

+ 
layers, q the electronic charge, and NU the concentration of un- 

compensated ionized donors. 

In a system within layers, in which tile electrical prop- 

erties are dissimilar, the electrical-parameters of the overall 
4 4 

composite can he expressed by the following equation, 

where Ti = E K P 0 i i f  p i  is the resistivity and dirthe thickness of 

the layer. For the simplest case, where n = 2, the material 

properties may be expressed by the following set of equations: 



- 
where ' is the static dielectric constant,.Kt, the dielectric con- 1 cn 

stant at high frequency and T the relaxation time. ~pplication 
k.' 

of Equation.7 to a 3-layer structure', which is given in Appendix 

C ,  was too complex and impractical for a rigorous ana1ysi.s of 

the dispersion behavior of IBL capacitors. A more simple and 

efficient method v7as proposed to re~resent the dielectric disper- 

sion behavior of IBL capacitors. The tvro-l.ayer Maxwell-\.lacjner 

theory was applied for each of the adjacent two layers, i.e., one 

for the insulating/internediate interface, tile uL1-1er- for the semi- 

conducting grain/intermediate layer interface. Material properties 

can now be estimated from the followinp set of equations: 



where subscripts n c , c i  refer to s e m i c o n d u c t i n g / . c o m l , e n s a t i o n  in- 

terface and compensation/insulating interface, respectively. 

Current-voltage characteristic, capacitance-voltage characteris- 

'tic and dielectric dispersion behavior of IBL capacitors may, be 

.interpreted in terms of this proposed 3-layer model. Calculated 

values of E (v) , Ksl , K_' , B will be later shown to be in good 

aqreement with experimental data. These parameters are listed 

in table 3. 



I V  . EXPERIMENTAL PROCEDURE 

A .  S p e c i m e n  P r e p a r a t i o n  

I n t e r n a l  b o u n d a r y  l a y e r  c a p a c i t o r s  u s e d  i n  t h i s  s t u d y  w e r e  

r e p r e s e n t a t i v e  o f  t h e  t y p e s  o f  u n i t s  c u r r e n t l y  m a n u f a c t u r e d  f r o m  

13aTi03 a n d  S r T i 0 3 .  I n  a d d i t i o n ,  r e s e a r c h  a n d  d e v e l o p m e n t  IRL ca- 

p a c i t o r s ,  w i t h  d i f f e r e n t  m i c r o s t r u c t u r e s  t h a n  commercial u n i t s ,  

were p r e p a r e d  i n  o u r  l a b o r a t o r y  f r o m  S r T i O  3 ' 
R e a g e n t  g r a d e  

s t r o n t i u m  t i t a n a t e  p o w d e r  ( 2 1 8 - 2 )  was o b t a i n e d  f r o m  t h e  T r a n s e l c o  

.r.. 

r...: ~ i v i s i o n  o f  F e r r o  C o r p o r a t i o n .  T h e  pov:der w a s  d o p e d  w i t h  2 w t . %  

WOj a n d  c a l c i n e d  i n  a r e d u c i n g  a t m o s p h e r e .  M i s i n g  a n d  m i l l i n g  

o f  c a r e f u l . 1 ~  w e i g h e d  p r o p o r t i o n s  \,rere c a r r i e d  o u t  i n  p l a s t i c  j a r s  

c o n t a i n i n g  ZrO m e d i a  a n d  d e i o n i z e d  w a t e r .  A s n i x i n a  o f  3  h o u r s  2  

W ~ S  u s e d .  A f t e r  d r y i n g ,  t h e  p o w d e r s  were g a s e o a s l y  r e d u c e d  i n  

an e x t e r n a l l y  wound ( F t )  t u b e  f u r n a c e  a t  1 3 8 0 ° C  f o r  3 h o u r s .  A 

B f l o w  o f  f o r m i n g  g a s  ( 9 0 %  N + 1 0 %  H2) w a s  i n t r o d u c e d  a f t e r  o n e  2  f 
J h o u r  a t  p e a k  t e n p e r a t u r e ,  a n d  t e r m i n a t e d  a f t e r  c o o l i n g  bel.ow,, 1 1 0 0 ° C .  ; 
t 

P t / P t - 1 0 %  R h  t l ~ e r m o c o u p l c s  w e r e  u s e d  i n  c o n  j u n c t i o n  w i t h  d i g i t a l  t 
t e m p e r a t u r e  i n d i c a t o r s .  When f o r m i n g  g a s  w a s  u s e d ,  t h e  t h e r m o -  I I 
c o u p l e s  were p l a c e d  o u t s i d e  t h e  t u b e ,  so a s  t o  p r e v e n t  h y d r o g e n  I f 

i 

e m b r i t t ~ e m e n t .  B l a c k  s e m i c o n d u c t i n g  S r T i O  c a l c i n e d  p o w d e r  w a s  3 

c r u s h e d  a n d  m i x e d  w i t h  1 0  w t . %  r e a g e n t  g r a d e  P S ~ G ~ , O  o r  1 0  w t . $  , 11 

'2'3 a n d  m i l l e d  f o r  3  h o u r s  i n  p l a s t i c  j a r s .  A f t e r  d r y i n g ,  t h e  

p o w d e r s  were g r a n u l a t e d  w i t h  5%. PVA ac2ueous  s o l u t i o n  a n d  p r e s s e d  1 
; 
i 

i n t o  1 . 2  c m  i n  d i a m e t e r  by 0 . 1  cin t h i c k  d i s c s ,  w h i c h  w e r e  f i r e d  
. 1 

I? 



on. Zr02 setters, at 1000.OC for 2 hours in air. Electrode termi- 

" 
_.> nations were made with a Dupont 6730 type si1ve.r fritted ink, 

which was fired on in air at 750-800°C for 20 minutes. IBL ca- 

pacitors investigated in this thes'is are designated in Table 1. 

B. Microstructure Analysis 

Elemental. analyses of IBL capacitors were carried out by 

mass spectrographic techniques. l?olished and thermally 'etched 

specimens were examined with a JEOL U3 or JEOL JSbl-35C scanning 

electron microscope (SEM). Surfaces were polished after epoxy 

mounting on aluminum stubs, and ground with 15, 3, 1, 0.1 vm 

diamond pastes. Thermal etching was carried out by heat treat- 

ments at 1150°C for 30 mlnutes. Specimens coul-d be examined on 

a SEM without having evaporated conductinq coatings deposited, 

but the best images were obtained when a thin film of carbon was 

deposited. TO determine the compositional difference hetween 

grains and grain boundary. regions, .the specimens were also exa- i 
% 

mined in a SEM using backscattered electron imaging, where the i I 
i 

number of backscattered electrons was proportional to the at.omic ' 1  ! 
t 

number of thc element present. The chemical composition of f 
\. C 

grain boundary regions were also examined with a JEOL JSA-5OA : k 
i 

scanfiing electron microprobe A )  , in conjunction with a wave- I 
length dispersive spectrometer ( W D S )  . Specimens were prepared 1 I 

i 
for scanning tr~nsmission electron microscopy analysis (JEOL 200 I t 
kV STEM) by (i) either a two-step replica method or by (ii) ion- i 
thinning techniqucs. For carbon replicas (i ) a few drops of 4% 

1 
r 

solution of collodian amyl acetate were placed on a polished sur- 

face, and after drying, t-he film was removed, shadowed by Cr 



TABLE 1 

I B L  C a p a c i t o r s  I n v e s t i g a t e d  

M a j o r  P r o p o s e d  
D e s i g n a t i o n  Mate r i a l  S t r u c t u r e  S o u r c e  

G B a T i 0 3  n-c-- i -c-n commercial 

J-1 S r T i 0 3  n - c - i - c - n  c o m m e r c i a l  

J- 2 S r T i 0 3  n - c - i - c - n  c o m m e r c i a l  

1-1 S r T i O  - n - i - n  d e v e l o p m e n t  
3 

Pb5Ge3011 

1-2 S r T i 0 3 - B 2 0 3  ' n - i - n  d e v e l o p m e n t  

i<- 1 S r T i 0 , - C u 2 0  n - c - i - c - n  d e v e l o p m e n t  
d 



evaporation (fox' improved contrast) and a carbon film was later 

deposited. Molten microcrystalline wax was poured over the ca.r- 

bon replica, and the amyl acetate film dissolved away in acetone. 

'I'he w a x  was finally dissolved in xylene. For the ion-milling 

(ii), thin slices [,rere cut on a -diamond wafering blade, polished 

to less than 30 pm thick, and finally thinned on an ion 

miller (Technics FIodel IV) . Wedge-shapec? specimens were obtained,. 

Ion milling was carried out at an oblique angle of,.incidence 

( 15O), with Ar ions accelerated to 4 kV, to restrict induced 

radiation damage 'to the upper and lower surfaces of the wedge. 

The ceramic microstructure was examined on a STEM (JEOL 200 k V ) .  

Energy dispersive x-ray' ana1ysi.s (XED) with a spatial resolution 
0 

of less than 50 A could be obtained under favorable circumstances. 

Dedicated microstructural. analysis, chemical location of segl-e- 

gated and intergranular layers, and diffusion profiles of grain 

interfacesfwere determined with an I!E5 STEM, equipped with a 

field emission gun, and which operated in an energy dispersive . , 

X-ray microanalysis mode. The current model uses a field emi- 

ssion gun as an el-ectron source,l.,~hich results in a fine probe 
0 

size (5 A) . Contami.nation of the specimen during analysis was 

by the high vacuum pressure (lo-' torr) . Point 

to point compositional analysis was carried on with a linear 
0 

spacing of 100 A (i.e., probe center to probe center). 

C. Electrical Measurements 
,.> . 

D.C. resistance was measured with a Keithly GlOC elcctro- 

meter. The specimen was placed between two elect-rodes in a cham- 

ber which was placed in a tube furnace. Current-voltage charac- 

teristics were measured with a Keithly electrometer and a d.C. power 



s u p p l y ,  i n  a c u x r e n t  r a n g e  u p  t o  1 0 0  mA.  V o l t a g e  d e p e n d e n t  c a p a -  

c i t a n c e  a n d  d i s s i p a t i o n  f a c t o r s  w e r e  m e a s u r e d  w i t h  a H e w l e t t  

P a c k a r d  4270A a u t o m a t i c  c a p a c i t a n c e  b r i d g e  i n  t h e  d . c .  v o l t a g e  

r a n g e  b e t w e e n  0  a n d  200 v o l t .  F r e q u e n c y  d e p e n d e n t  m e a s u r e m e n t s  

w e r e  made a t  0 . 0 1  VrmS w i t h  t h e  N e w l e t t  P a c k a r d  b r i d g e  i n  t h e  

medium f r e q u e n c y  r a n g e  (1 K I I z  - 1 MHz) a n d  \{it11 a  R F  a d m i t t a n c e  

b r i d g e . ( r ? o o n t o n  e l e c t r o n i c s  3 3 ~ / 1 )  a t  h i g h  . f r e q u e n c i e s  (1 MHz - 

1 0 0  MHz). The  d i s s i p a t i o n  f a c t o r  w a s  c a l c u l a t e d  f r o m  c o n d u c t a n c e  

d a t a  u s i n g  t h e  f o l - l o w i n g  e x p r e s s i o n ,  

1 

G '  D = - 
'JJC 

(20  

w h e r e  G was  t h e  c o n d u c t a n c e  i n  n h o s ,  m ,  2ir f r e q u e n c y ,  and  C ,  

t h e  c a p a c i t a n c e  i n  f a r a d s .  A d j u s t e d  v a l u e s  o f  d i e l e c t r i c  l o s s ,  

i n  w h i c h  t h e  d . c .  c o n d u c t i v i t y  (a ) w a s  s u b t r a c t e d  f r o m  t h e  a . c .  

c o n d u c t a n c e ,  a r e  g i v e n  i n  F i g u r e s  28-30 .  . T h e s e  d a t a  were c a l c u -  

l a t e d  f r o m ,  
- .. . 

I > .. .. 

M i c r o s c a l e  e l e c t r i c a l  m e a s u r e m e n t s  were c a r r i e d  o u t  o n  

p o l i s h e d  b u t  u n e t c h e d  s u r f a c e s  o f  s p e c i m e n s ,  o v e r  w h i c h  a c h e c k e r -  
! 

b o a r d  p a t t e r n  o f  e l e c t r o d e  p a d s  h a d  b e e n  d e p o s i t e d  by  Pd/Au e v a -  
I 

p o r a t i o n  t h r o u g h  a  f i n e  g r i d  n e t w o r k  o f  s i l v e r  m e s h .  S p e c i m e n s  
i 

were e p o x y  m o u n t e d  o n  0 . 2  mrn t h i c k  A 1 2 0 3  substrates a n d  p l a c e d  1 
o n  t h e  s t a g e '  o f  a n  o p t i c a l  microscope ( L e l t z  O r t h o l u x )  . C o n t a c t s  

I a 
I 

were made t o  t h e  e l e c t r o d e  p a d s  ( 2 5  s 25  p m) by t u n g s t e n  w i r e  ! i 
1 

p r o b e s  ( 1 0  P rn t i p s ) ,  whic l l  were p o s i t i o n e d  by  m i . c r o m a n i p u l a t o r s  
t 
1 



u n d e r  t h e  compound m i c r o s c o p e ,  a s  i l l u s t r a t e d  i n  F i g u r e s  5 a n d  6 .  

M e a s u r e m e n t s  a t  m a g n i f i c a t i o n s  g r e a t e r  t h a n  200x  ??ere d i f f i c u l t  

t o  c a r r y  o u t  b e c a u s e  o f  t h e  s h o r t  w o r k i n 9  d i s t a n c e .  The  m i c r o -  

' s c o p e  was  f i t t e d  w i t h  a  warm s t a g e ,  s o  t h a t  t h e  t e m p e r a t u r e  d e -  
, - 
0 .. 

p e n d e n c e  o f  K' a n d  c o u l d  h e  d e t e r m i n e d  f o r  i n d i v i d u a l  g r a i n s  

a n d  b o u n d a r y  r e g i o n s t b y  p r e s e l e c t i n g  a p p r o p r i a t e  e l e c t r o d e  p a d s .  

The  e l e c t r i c a l  r e s i s t i v i t i e s  o f  g r a i n s  were c a l c u l a t e d  f r o m  

s h e e t  r e s i s t a n c e s  b y  

w h e r e  Rs  was  t h e  m e a s u r e d  s h e e t  r e s i s t a n c e  a n d  X t h e  d e p t h ,  
j 

w h i c h  was  t a k e n '  t o  b e  e q u i v a ' l e n t  t o  t h e  g r a i n  d i a m e t e r .  R e s i s -  

t i v i t i e s  of g r a i n  b o u n d a r y  r ' e g i o n s  were c a l c u l a t e d  f r o m  

r :  

w h e r e  R was  t h e  m e a s u r e d  r e s i s t a n c e ,  -AA, t h e  a r e a  ( a s s u m e d  t o  b e  1 
I 

t h e  g r a i n  d i a m e t e r  f o r  n e a r  c u b i c  g r a i n s )  a n d  d ,  t h e  t h i c k n e s s  o f  

t h e  b o u n d a r y  r e g i o n .  The d i e l e c t r i c  ,brea!cdov;n v o l t a g e  f o r  a 

j u n c t i o n  w a s  r n e a s u r e d  a t  c o n s t a r l t  currenl: ( 5  I*) . O v e r  20 j u n c -  

t i o n s  were m e a s u r e d  a n d  a n a l y z e d .  T e m p e r a t u r e  d e p e n d e n t  m e a s u r e -  

m e n t s  w e r e  made w i t h  t i 7 2  zit? o f  a  c h r o n e l - a l . u n e l  t ! ~ e r m o c o u p l e .  

Above L50°C, t h e m 2 1  e x p a n s i o n  i l . i f f i c u l t i e s  c a u s e d  t h e  p r o b e  t i p s  

. t o  n o v e  o f f  t h e i r  o r i g i n a l  c o n t a c t  p o i n t s .  ) 'ieasurec? v a l u e s  o f ' t h e  

e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  s i n g l e  j u n c t i o n s  v a r i e d  sornev:~l-lat 

f r o m  j u n c t i o n  t o  j u n c t i o n ,  and  so m e a s u r e m e n t s  vers rr,ac?e o f  a t  

l e a s t  20  s e p n r a t e  j u n c t i o n s .  T y p i c a l  b u t  a v e r a g e  v a l u e s  were u s e d  

i n  Lhe a n a l y s i s  o f  e l e c t r i c a l  p r o p e r t i e s  o f  s i n g l e  j u n c t i o n s .  



Tungsten Probeand 

FIGURE 5. ~icroscale electriczl. measurement assembly. 



FIGURE 66:): Optical photomicrograph of microscale 
,>.''<., 

electrical mcacurements across a houn- 
"ary region. 



V. RESULTS AND OBSERVATIONS 

A. Microstructure Analysis 

Elemental analyses of IBL capacitors, 'determined by m a s s  

spectrographic techniques, are listed in Table 2. For IBL m"p-9- 
'7 L citors based upon BaTiOj, the compositions contained essentia$ly 

minor additions of Sn and Sr. Elemental distributions were de- 

termined further by dispersive x-ray analysis. Figure 7 illu- 

strates a typical microstructure of a polished and thermally 

etched surface of a type G IBL capacitor based on BaTi03. The 

grain size ranged between'20-50 vm, with an intergranular phase 

of anisotropic crystalline morphology. Electron probe microan- 

alysis (EPMA) identified the grains to be (Ba,Sr) (Ti,Sn) Oj, and 

the boundary phase to be titania rich. Ti Kal12:Ra Lal was 1:l 

in tie grains but 1.64 :l in the grain boundaries, as illustrated 

in Figure 8. Silica was also found to be preferentially concen-' . 
trated within the boundary phase, with alumina only being present 

in the boundary region. 

A scanning photomicrograph of a polished surface of a J-I 

type IBL capacitor based on SrTiOg, determined in the backscaf- 

tered mode, was previously presented in Figure 3. ryhe averaye 

grain size was 30 vm, and the bright boundary region was approxi- 

mately 1, vm thick. The continuous bright boundary phase indicates 

high atomic number elements were concentrated in the boundary region 

A transmission photomicrograph of a replica of a polished and 

thermally etched surface of this capacitor is given in Figure 9, 



TABLE 2 

Semiquantitatlve Analysis of IBL Capacitors 

Major ( >  1.0%) 

Minor (>  0.1%) 

Trace ( <  0.1%) 

IBL Capacitor G IBL Capacitor 'J-1 

Bat Ti, Sr, Sn Sr, Ti 

Sit Mg, Na, Zn, Si, Na, Al, Mg, 
Ni, Fe, P Ba, Ca 

Get V, Ca, C1, Bit Pb, MO, Nb, 
Al, Cu, Cr, F, Zr, Zn, Ni, C1, 
W, B, Ta, Nb, La, 5 ,  Ta, Te, Co 
Zr, Be, K 



-.etched surface of an IBL capacitor based upo 
,.. BaTiO,. 
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and illustrates the presence of an intergranular layer with mor- 

phology different from that of the grain. (The boundary appears 

unusually wide in this photomicrograph due to thermal grooving.) 

Electron diffraction patterns and TEM photomicrographs of an ion 

milled specimen, of the same capacitor, are illustrated in ~igure 

10. Thin intergranular layers, which have different crystalline 

structure, are clearly evident from the photomicrograph, The 

- thickness of the intergranular layer is about 0.1 u f i .  High Bi 

concentration in the intergranular layer was determined by x-ray 

energy dispersive analysis, as illustrated in Figure 11. Bi was 

not detected in the grains, 

 omp positional STEM analyses for polished but unetched 
surfaces, in which the intergranular boundary thiokness was 0.3 urn, 

are given in Figure 12. The data indicate Bi was preferentially 

concentrated in the boundary region. Integrated intensities as 

a function of distance, illustrate the concentration profile for 
0 

Bi; which was concentrated in a 300 A wide boundary region, and 
0 

extended LOO A into the sub-surface of the grain. Data for re- 

search arid daveluprnent IBL capacitors arc given i~ Figures 13.and 

15. Figure 13 illustrates the microstructure for zi capacitor 

formed from SrTiOg powder, which was doped with W 0 3 ,  and which 

was fired in a reducing atmosphere. A CuZO counterdopant was 

later diffused in from the external surfaces by a second fhring 

treatment at llOOeC in air for 2 hours. Figure 1'3 illustrates 

the presence of an intarqranular layer, which was identified by 

x-ray dispersive analysis to contain Cu (Figure 14). The cry- 

stalline nature of this layer was identified by electron 



FIGURE 9 .  TEM photomicrograph of  a pol i shed  and thermal ly  
e tched s e c t i o n  of an I B L  c a p a c i t o r  based upon 
SrTiQj  prepared by t h e  repl ica  method. 



FIGURE 10. STEM photomicrograph afid e l e c t r o n  diffraction patterns for SrTi03 IBL capacitor prepared by ion-milling method. 
>, 
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Distance from Center Line of Grain Boundary ( b )  
$ 

FIGURE 12. Concentration p r o f i l e s  of yrain baundnry 
region i n  a SrTiOg I B I ,  capacitor. 



FIGURE 13. TEM photomicrograph and electron diffraction 
n a t t e r n s  of a SrTiO, I B L  capacitor acceptor- c------ - 
doped with Cu. 

0 --L 



F I G  JJRE -14. x-ra@<energy dispersive a n a l y s i ~ @  
Sr~i@i capacitor acceptor-doped w l t h  



6 % TEN photomicrograph and electron difa c t i o n  
@ 4 r  - G . ~ ~  patterns of a SrTiOg IBL capacitor with a. 

n-i-n s t r u c t u r e .  



4 0  

diffraction: IBL capacitors (type 1) ,formed by liquid phase sin- 

tering reduced SrTi03 powder with Pb Ge 0 5 3 11' were found to have 

a much finer microstructure (Figure 15). The final grain size 

was essentially the same as the starting particle size, which 

ranged fram 0.5-2 urn. This microstructure was suitable for thin 

layer multilayer capacitors. X-ray energy dispersive analysis 

(Figure 16) identified Pb to be within the boundary region. 

B. ~l.ectrica1 Measurements 

1. Current-voltaue Characteristics 

current-voltage characteristics of the bulk specimen, of a 

single grain and boundary region are illustrated in Figures 17-19. 

The grains were ohmic in their I-V characteristics,whereas the 

boundaries were highly noriohmi~~especially in the voltage range 

above IOV. The voltage dependent resistance (VDR) characteristics 

of the bulkrcould be modeled on a series network of resistive dis- 

tributed boundaries. I-V characteristics of TRL capacitors based 

upon'~a~i0~ were similar to those based on S r T i O  butthe rests- 3 ' 
tance of the grains were greater. Breakdown voltages for single 

junctions were about 65 volts for S r T i O j  dielectrics, and abaut 

400 volts for BaTi03 dielectrics. Considerinn the thickness of the 

intergranular layers (0.1 vm), the breakdown fields were 6.5 x 10 6 
7 

V/cm for SrTiOj based materials and 4 x 10 V/cm for BaTi03 based 

materials, 

2 .  Current-temperature Characteristics 

Typical data for the tempe,rature dependence of resistivity 

for J-1 type IBL capacitor are given in Figure 2b. Calculated re- 

sistivities indicate the boundary tesistivitios to be approximately 



FIGURE 16. X-ray energy dispersive a n a l y s i s  of a 
S r T i 0 3  IBL  capacitor w i t h  a n-i-n struc- 
4 - + * * h  



F I G U R E  1 7 .  ~ u r ' r e n t - v o l t a g e  measurements: i ~ d i v i d u a l  
g r a i n ,  bounda ry  and bclk c h a r a c t e r i s t i c s  
f o r  a S r T i O j  I E L  c a p a c i t o r  (J-1) : 

, . 



F I G U R E  1-8. C u r r e n t - v o l t a g e  m e a s u r e m e n t s  of i n d i v i d u a l  
g r a i n  a n d  b o u n d a r y  r e q i o n  i n  a BaTiOj  I B L  
c a p a c i t o r  ( C )  . 



, F I G U R E  1 9 .  C u r r e n t - v o l t a g e  m e a s u r e m e n t s  o f  a n  i n d j . v i d u a 1  
g r a i n  a n d  b o u n d a r y  r e g i o n  i n  a S r T i O j - I B L  c a p a -  
c i t o r  ( J - 2 ) .  



1 0 ~ ~ n - c m  at 'room. temperature, with a grain resistivity o? approsi- 
> 

mately.50 R-cm, The insulating grain boundary resistivity was 

more temperature.dependent than the semiconducting grain resisti- 

vity. 

3. C.apacitance-voltage .-- -- Characteristics 

Figure 21 illustrates the d.c. voltage dependence of 

dielectric constant for bulk samples. Dielectric saturation oc- 

curred readily,with increasing bias,for type G IDL capacitors. 

This is to be expected for ferroelectric materials based upon 

BaTi03. Temperature measurements (Figure 22) identified a dielec- 

tric transition close to room temperature, with a steep Curie- 

Weiss decay. Type G IBL capacitcrs were not stable in their 

properties as temperature'and voltage varied, when compared with 

the behavior of SrTi03 based capacitors. The great advantage of 

microstructuraily engineering IBL capacitors from paraelectric 

materials is self evident. In addition, SrTin3 type I IBL capa- 

citois, which contained an insulating intergranular phase, and 

which approximated a n-i-n structure, were much more stable in 

thcir properties t.han commercial type J capacitors. The actual 

magnitude of 2 '  depended on the volume frzction of liquid phase 

sintkring compound used. Voltage dependent capacitance for in- 

dividual bouhdaries are illustrated in Figure 23. C~nsidering 

the actual boundary thickness from STEM micrographs of unetched 

specimens (0.01-0'. 1 pm) , these measurements do not represent 
5 fi 

weak field values ( i . e . ,  10 V/cm). The capacitance per boundary * , . 
& 

' j 
was approximately 10 pF,  with a dissipation factor less than 4%. i. c; 

i 
Capacitance voltage and capacitance-temperature measurements in- f 

b 

clicated the stability of n-i-n type I capacitors, and the voltage ! 
r' 



R
E

S
IS

T
IV

IT
Y

, 
p 

(
a
 

-c
m

) 
-
 

-
 

-
 
G.
8.
 
-
 

-
 

0
 

0
 

0
 -
 

0
 - 

0
 -
 

a
 

' 
0
 :
 

0
 

- 
R

, 

RE
SI
ST
IV
IT
Y,
 R

G
 x 

D
 (
S2
 -c

m
) 



60,000 I I I 
+ 

kHz 
0 

mJ,,o*o -L BoTiO3 25°C - 

\ 

Vol tage ,  V 

F i g u r e  2 1 . D , C ,  b i a s - v o l t a g e  dependence of d i e l e c -  
tric proper t i es  fo r  s e v e r a l  i n t e r n a l  
boundary l a y e r  c a p a c i t ~ r s  



FIGURE 22. Temperature dependent dielectric properties 
for IBL capacitors; 



Elec t r ic  Field, ~ v / c m  

F1GUP.E 2 3 .  C a p a c i t a n c e  of a s i n g l e  j u n c t i o n  a s  a 
f u n c t i o n  o f  e l e c t r i c  f i e l d  f o r  I B L  c a -  
p a c i t o r s .  



dependence of commercial dielectrics ( G  and J). Measurements 

on the latter were made both of the bulk and boundary character- 

- 2 
istics, and the data analyzed in terns of step (C vs. V) or 

graded ( c - ~ '  vs. V) junctions. Unambiguous analysis appeared at 

first to be not possi-ble. Data given in Figure 24 are' for various 

types of IBL capacitors. It may be interpreted that high voltage 

characteristics are approximated by Schottky type depletion layer 

behavior, and the low voltage characteristics by insulation sta- 

bilization. A hybrid model, developed to account for these over- 

all characteristics, will be presented in the follot~!ing chapter. 

4. Dielectric Dispersion 
. . 

Figures 25-27 illustrate the single junction capacitance 

vs. frequency characteristics of I B L  capacitors. Capacitance de- 

creases over a wide range of frequency, and a broad peak for 

tan 6 indicates the possibility of more than one relaxation pro- 

cess. Tan 6 peaks at approximately 10' Hz for capacitor G, and 

in the gigahertz range for capacitors based upon SrTiOj - 1  J-2). 

Col-e-Cole plots for single junctions are shown in Figures 

28-30. The plots inay be interpreted in ker111s of ttvo relaxatjon 

processes. The conductivity increases in the lower frequency 

range, and the dielectric loss (in which the d.c. conductivity 

cnntribution was subtracted out) is also given in Figures 28-30. 

Dielectric dispersion behavior and corresponding Cole-Cole plots 

for polycrystalline bulk capacitors are illustrated in Figures 

31-38. K' vs. frequency plots for J-1 and 5 - 2  IBL capacitors 

indicate a relaxation may occur in the gigahertz range, but it 

was difficult to analyse the Co1.e-Cole plots due to a lack of 

experimental high frequency data ( >  100 P:ll-!z). 



.s. ---. ". -.- -- " --. my- --- .. -.-- ---.- --.- --. "we-#- ""- --- 



~ielectric dispersion behavior of polycrystalline I R L  

capacitors based on G exhibited a typical sinqle D.i?bye-type 

relaxation, with a relaxation frequency around lo6 Hz.  Two laye; 

n-i-n capacitors I -  a d  - 2  showed typical Maxwell-blaqner dis- 

,.- persion behaviors, in which the relaxation frequencies were around 

30-50 MHz. 
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Frequency (Hz) 

F I G U R E  31 .  F r e q u e n c y  d e p e n d e n t  d i e l e c t r i c  c o n s t a n t  
- a n d  t a n  6 for a B a T i O j  LBL d i e l e c t r i c  
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Frequency (Hz) 

F I G U R E  3 3 .  Frequency dependent d i e l e c t r i c  c o n s t a n t  
and tan 6 f o r  a S r T i O  1 B L  c a p a c i t o r s .  3 
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V I .  DISCUSSION 

A .  M i c r o s t r u c t u r e  ~ n a l y s i s  

The r e s u l t s  o f  e l e c t r o n  p r o b e  ~ n i c r o a n a l y s i s  f o r  BaTiC, 
3 

IBL c a p a c i t o r s ,  i n d i c a t e d  a  h i g h  t i t a n i a  r i c h  b o u n d a r y  p h a s e .  

I n t e r p r e t a t i o n  o f  t h e  m i c r o s t l r u c t u r e , ~ ~ i i t h  r e s p e c t  t o  the compo- 

s i t i o n ,  p h a s e  d i a g r a m  ( g i v e n  i n  P.ppendix A )  e n d  known s i n t e r i n q  

t e m p e r a t u r e  ' ( 1 3 8 0 ° C )  i n d i c a t e d  t h a t  ( B a ,  S r )  ( T i ,  S n )  O q r a i n s  were 3 - 

l i q u i d  p h a s e  s i n t e r e d  i n  t h e  p r e s e n c e  o f  a  h i g h  t i t a r l a t e  s e c o n d  

p h z s e ,  w h i c h  c r y s t a l l i z e d  o n  c o o l i n g .  D i e l e c t r i c  a n a l y s i s  ( see  

s e c t i o n  V I - B )  s t r o n g l y  s u p p o r t s  t h e  p r e s e n c e  o f  a n  i n s u l a t i n g  

RaO-nTiOZ s e c o n d  p h a s e .  The  A 1  a n d  S i  c o n t e n t  i n  t h e  g r a i n  boun-  

d a r y  r e g i o n s  i n d i c a t e 2  t h e  p o s s i b i l i t y  o f  s m a l l  a d d i t i o n s  o f  c l a y  

m i n c r a l ~  f o r  p l a s t i c i t y  i n  fnrming a n d  e n h a n c e d . v i t r i f i c a t i o n  i n  

£ r i g .  B o t h  Sn a n d  S r  w e r e  adder!  t o  s h i f t  t h e  C u r i e  p o i n t  t o w a r d s  

r o o m . t e m p e r a t u r e  f o r  e n h a n c e m e n t  o f  d i e l e c t r ' i c  c o n s t a n t .  

For t y p e  J S r T i 0 3  I2L c a p a c i t o r s ,  m i c r o s t r u c t u r a l  o b s e r v a -  

t i o n  d e m o n s t r a t e d  h i g h  B i  c o n c e n t r a t i o n  i n  t h e  g r a i n  b o u n d a r y  re- 

g i o n s :  a n d  p r o b e  a n a l y s i s  d e t e r m i n e d  t h e  c o n c e n t r a t i o n  p r o f i l e s  

,- 
, . b c t w c c n  r c s i c t i v e  b o u n d a r i e s  a n d  s e m i c o n d u c t i n y  g r a i n s .  The  f a -  

b r i c a t i o n  process f o r  t y p e - J  I S L  c a p a c i t o r s  ( a t w o  s t e p  

f i r i n g  p r o c e s s ) ,  a1 , lowed a l i m i t e d  amount  o f  t h e  a d d i t i v e s  t o  

d i f f u s e  i n t o  t h e  g r a i n s  ( i . e . ,  d u r i n g  t h e  s e c o n d  f i r i n g ) ,  even  

t h o u q l i  most o f  t h e  a d d i t i v e s  r e m a i n e d  b e t w e e n  t h e  g r a i n s ,  f o r m i n g  

a n  i n s u l a t i n g  l a y e r .  A t  f i r s t ,  i n t e r g r a n u l a r  l a y e r s  were n o t  
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69 

' 4 5  
a  t y p i c a l  c e r a m i c  d i f f u s i o n  c o e f f i c i e r l t  o f  1 0  -14 cm2/sec 

3+ 0 

B a s e d  upon  i o n i c  r a d i i  c o n s i d e r a t i o n s ,  B1 ( 1 . 0 2  A )  

2 4  0 ? +  
p r o b a b l y  s u b s t i t u t e s  f o r  S r  ( 1 . 1 6  A ) ,  r a t h e r  t h a n  f o r  T i  

0 

( 0 . 6 1  A ) ,  w h i c h  h a s  b e e n  s u b s t a n t i a t e d  b y  i n d e p e n d e n t  m e a s u r e -  

m e n t s .  
52 

T h e  r e s u l t i n g  d e f e c t  s t r u c t u r e  w o u l d  a t  f i r s t  s u g g e s t  

+ 
a d d i t i o n a l  d o n o r  d o p i n g  ( n  ) i n  t h e  s u b s u r f a c e  o f  t h e  n - t y p e  

s e m i c o n d u c t i n g  g r a i n s .  P r e v i o u s  d i s c u s s i o n s  (11) were c o n c e r n e d  

w i t h  a c c e p t o r  c o m p e n s a t i o n  o f  . i . n t e r f a c i z l  s t a t e s ,  b u t  a d d i t i o n a l  

d o n o r  d o p i n g  may a l s o  r e s u l t  i n  a n  a n o m a l o u s  d e c r e a s e  i n  c o n d u c -  

t i v i t y , a s  i l l u s t r a t e d  i n  F i g u r e  3 9 .  T h e  c o n d u c t i v i t y  o f  t h e  

i n t e r m e d i a t e  l a y e r  i s  h i g h e s t  a t  t h e  i n t e r f a c e  w i t h  t h e  g r a i n ,  

a n d  d e c r e a s e s  p r o g r e s s i v e l y  t o w a r d s  t h e  i n t e r g r a n u l a r  l a l r e r .  

T h i ~  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  Ej. c o n c e n t r a t i o n ,  w h i c h  i s  
-, 

p r e f e r e n t i a l l y  l o c a t e d  i n  t h e  b o u n d a r y  r e g i o n s ,  d u e  t o  t h e  p ro -"  

c e s s j - n g  c o n ' d i t i o n s  e m p l o y e d .  B o t h  t h e  g r a i n  s i z e  a n d  t h e  s e c o n d  

f i r i n g  c o n d i t i o n  a f f e c t  t11e c o n d u c t i . l . r i t y  of t h e  g r a i n ,  w h i c h  p l a y s  

an  i m p o r t a n t  r o l e  i n  t h e  h i g h  f r e q u e n c y  d i e l e c t r i c  p r o p e r t i e s  of 

t h e  I B L  c a p a c i t o r .  I f  t h e  g r a i n  s i z e  i s  s m a l l e r  k h a n  t h e  d i f f u -  

s i o n  l e n g t h  of t h e  d i f f u s i n g  s p e c i e s  d u r i n g  t h e  s e c o n d  f i r i n g  

s t a g e ,  a l l  o f  t h e  g r a i n  b e c o m e s  a n  i n t e r m e d i a t e  l a y e r , d u e  t o  d i f -  

f u s i o n  o v e r l a p ,  w i t h  t h e  c o n d u c t i v i t y  s u d d e r ~ l y  d e c r e a s i n g  ( F i g u r e  

3 9 ) .  A s m a l l  g r a i n  s i z e  may r e s u l t  i n  o b v i o u s  d i s a d v a n t a g e s  f o r  

t h e  d i e 1 e c t r i . c  p r o p e r t i e s  of I B L  c a p a c i t o r  m a n u f a c t u r e d  by t h e s e  

t e c h n i q u e s .  A d e c r e a s e  i n  a p p a r e n t  d i e l e c t r i c  c o n s t a n t  ( f ' )  a n d  



FIGURE 3 9 .  Schematic d iagram of conductivity f o r  a 
boundary region .  



7 1  

a l o w  r e l a x a t i ~ n ' f r e ~ u e n c y  T.,?oulcl r e s u l t  a n d  a r e  d i s c u s s e d  i n  

t h e  f o l l . o w i n g  s e c t i o n  ( 5 ) .  

B 1:lectrical P r o p e r t i e s  

1. C u r r e n t - V o l t a g e  C h a r a c t e r i s t i c s  

The  non-ohmic  c u r r e n t - v o l t a g e  b e h a v i o r  o f  I B L  c a p a c i -  

/. 
. . . -, t o r s  may b e  e x p l a i n e d  i n  terms . o f  . .. t h e  p r o ~ o s e c !  n - c - i - c - n  moc?el. 

, . 

B i a s e d  S c h o t t k y  h a r r i e r s  ( i . e . ,  c o m p e n s a t e d  ( c )  i n t e r m e 6 i a t e  

l a y e r s )  a n d  i n s u l a t i n g  ( i )  i n t e r g r a n u l a r  l a y e r s ,  p l a y  a n  i m p o r -  

t a n t  r o l e  i n  t h e  c o n d u c t i o n  p r o c e s s .  C o n d u c t i o n  i n  t h e  low 

v o l t a g e  r e g i o n  ( F i g u r e s  1 7 - 1 3 )  may b e  i n t e r p r e t e i j ,  by  S c h o t t k y  

e m i s s i o n  o r  F r e i l k e l - P o o l e  emission, ! .?here 1.09 I i s  c h a r a c t e r -  

i s t i c a l l y  p r o p o r t i o n a l  t o  V 1'2 ( F i g u r e  4 0 ) .  S i m i l a r  r e s u l t s  

c a n  be f o u n d  f o r  c o n d u c t i j n  m e c h a n i s r i : ~  i n  ZnO v a r i s t o r  ( w h i c h  

h a v e  a  s i m i l a r  m i c r o s t r u c t u r e )  i n  t h e  i n t e r m e d i a t e  v o l t a g e  

r a n g e .  4 6 - 5 0  F o r  t h e  h i g h l y  nonohmic  r e q i o n  ( 20 v o l t s )  s e v e r a i  

concll.1~1-.inn p r o c e s s e s  h a v e  b e e n  p r o p o s e d :  i n c l u d i i i g  t u n n e l i r , ? ,  4 6 

s p a c d - c h a r g e  l i m i t e d  c u r r e n t  f l o w  
4 7  4 8 

a n d  t h e r m i o n i c  e m i s s i o n  ; 

b u t  i t  i s  d i f f i c u l t  t o  d e t e r m i n e  w h i c h  p r o c e s s  may b e  r e s p o n s i b l e  
i 

f o r  t h e  I - V  characteristics i n  I B L  c a p a c i t o r s ,  i n  the  h i c j h l y  c o n -  , 
I I 

j 
duct i i1.q r e g i o n .  1 

2 .  C a p a c i t a n c e - v o l t a g e  --- C h a r a c t e r i s t i c s  - 

M i c r o s t r u c t u r a l  a n a l y s i s  2nd  ~ u r r e n t - ~ . r o l k a g e  c h a r a c t e r i s -  

t i c s  d e n ? o n s t r a t e c l  t h a t  t h e  n i c r o s t r u c t u r e  o f  IEL,  d i e l c c t r i c s  c o n -  

s i s t e d  o f  s e m i c o n d u c t i n g  g r a i n s  s u r r o u n d e d  h y  c o n t i n u o u s l y  

c o n n e c t e d  i n s u l a t i n g  b o u n d a r i e s .  M i c r c s ? . i ~ : c t ~ x e - - p r o p e r t \ ?  re le-  

t i o n  a r e  e v i d e n t  i n  t h e  c a p a c i t a n c e - v u l t c g c  be!ral.rior, i l . l u s t r a t e 6  

i n  F i g u r e  21.. The  d i . e l e c t r i c  c c n s t a n t  o f  c a p a c i t o r s  f a b r i c a t e c ?  



F I G U R E  40. Current-voltage characLeristics for a 
single junction'in a S r T i 0 3  IBL caps- 

. . citor. 
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w i t h  a  s t r u ' c t u r e  ( t y p e  I ,  n - i - n  m o d e l )  s e r e  s t a b l e  w i t h  r e s p e c t  

t o  a p p l i e d  v o l t a g e :  w h e r e a s  c a p a c i t o r s  p r o c e s s e d  w i t h  2 3 - l a y e r  

s t r u c t u r e  ( t y p e s  G a n 6  J ,  n - c - i - c - n )  w e r e  v o l t a g e  s e n s i t i v e .  

The v o l t a g e  d e p e n d e n t  c a p a c i t a n c e  b e h a v i o r  c a n  b e  i n t e r -  

p r e t e d  i n  terms o f  t h e  p r o p o s e d  n - c - i - c - n  m o d e l .  On a p p l i c a t i o n  

o f  a b i a s  v 'o l . t age ,  t h e  h a r r i e r  i s  l o w e r e d  ( V  - V) i n  t h e  f o r -  B 

w a r d  s e n s e ,  a n d  r a i s e d  ( V B  + V) i n  t h e  + r e v e r s e  c a s e ,  a s  i l l u -  

s t r a t e d  i n  F i g u r e  4 1 .  The t o t a l  j u n c t i o n  c a p a c i t a n c e  D e r  u n i t  

' a r e a  i s  g i v e n  by E q u a t i o n s  5-6'. I n i t i a l l y ,  a t  V = 0 ,  f o r  a  

s y n u n e t f i c  b a r r i e r ,  Cc F - - Cc R 

a n d ,  f i n a l l y ,  a t  h i g h  v o l t a g e .  V . Vg, w!~sre t h e  r e v g r s e  b i a s e d  

c a p a c i . t a n c e  d i l u t e s  t h e  t o . t a l  s e r i e s  c a p a c i t a n c e ,  

E x a ~ a i n a t i o n  of e q u a t i o n s  ( 2 6 - 2 7 )  i n  e x p a n d e d  f o r m ,  i n d i c a t e s  why 

( F ) - ~  v s .  V d a t a  ( F i g u r e  2 4 )  S h o u l d  d e v i a t e  f r o m  l i n e a r i - t y ,  e s p e -  

c i a l l y  a t  h i g h  v o l t a g e s ,  d u e  t o  a d d i t i o n a l  s q x a r e  r o o t  terms. 

D a t a  f o r  s i n g l e  j u n c t i o n s ,  i l . l u s t r a t e d  i n  F i g u r e  2 4 ,  h a v z  b e e n  

a n a l y z e d  a c c o r d i ~ r g  t o  t h e  n - c - i - c - n  model. ( E q u a t i o n  5 ) .  An i n -  

s u l a t i o n  width o f  0 . 1  p m  was t a k e n  f o r  2d w h i c l ~  was c o n s i s t a n t  
3 

w i t h  STEX a n a l y s i s  o f  u n e t c h e d  s u r f a c e s .  The  R; v a l u e  f o r  l i n e a r  

sr1ri03 was 3 0 0 .  F o r  f e r r o e l e c t r i c  type G m a t e r i a l s ,  a h i g h  f i e l d  



FIGURE 41. E n e r g y  baild diacjrram w i t h  applied b i a s  
vo l t age  for a single j u n c t i o n .  
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v a l u e  o f  X ' ( E l  = 600 w a s  c h o s e n ,  w h i c h  i s  c o n s i s t e n t  w i t h  t h e  2 

s a t u r a t i o n  b e h a v i o r  o f  (Ba , S r )  ( T i ,  S n )  0 3 ' P a r a m e t e r s  c a l c u l a t e d  j. 1'. 
5 

f r o m ' i n t e r c e p t  a n d  s l o p e  d a t a  i n  F i g u r e  2 4  a r e  s u m m a r i z e d  i n  i; 
Si 

T a b l e  3 .  T h e s e  v a l u e s  a r e  i n  g o o d  a g r e e m e n t  w i t h  c a t i o n  d o p a n t  1 
E 

c o n c e n t r a t i o n s  ( 0 . 3  a t . % )  i n  a i r  f i r e d  t y p e  G m a t e r i a l l a n d  com- k 

b i n e d  c a t i o n  a n d  a n i o n  c o n c e n t r a t i o n s  i n  r e d u c t i o n  f i r e d  t y p e  
. . 

J m a t e r i a l .  C a l c u l a t e d  d i e l e c t r i c  c o n s t a n t s  f o r  t h e  i n s u l a t i n g  

b o u n d a r y  p h a s e  ( k 3 ' )  a r e  c o n s i s t s n t  w i t h  EPMA a n d  STEY a n a l y s i s ,  

w h i c h  i d e n t i f i e d  a t i t a n i a  r i c h  b o u n d a r y  p h a s e  i n  t y p e  G m a t e r i a l ,  

a n d  b i s m u t h  r i c h  G o u n d a r i e s  i n  t y p e  J c a p a c i t o r s .  I t  i s  p o s s i b l e  

t o  f o r m  i n s u l a t i n q  s e c o n d  p h a s e s  i n  t h e  b o u n d a r y  r e g i o n s ,  e , g . ,  

13a0.nTi02 f o r  Type  G c a p a c i t o r s ;  a n d  b i s m u t h - t i t a n a t e - s t r o n t i u m  

t i t a n a t e  o r  b i s m u t h  t i t a n a t e  compounds  i n  T y p e  J c l i e l e c t r i c s .  

The  c a l c u l a t e d  v a l u e s  o f  d i e l e c t r i c  c o n s t a n t  f o r  t h e  i n s u l a t i n g  

l a y e r s  (I( ' )  a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  v a l - u e s  t a b u l a t e d  i n  3 

A p p e n d i x  B f o r  t h e  p o s s i b l e  compounds .  V a l u e s  o f  V a r e  c o n s i s -  B 
C 
!& 

t a n t - w i t h  c a l c u l a t e d  a c t i v a t i o n  e n e r g i e s  ( 0 . 8 5  e V )  f r o m  t e m p e r a -  

t u r e  d e p e n d e n t  r e s i s t i v i t y  d a t a  ( F i g u r e  2 0 ) .  T h u s  t h e  n - c - i - c - n  

mode l  f o r  c o m m e r c i a l  IBL c a p a c i t o r s  a p p e a r s  t o  be e s t r e m e l y  r e l e -  

v a n t ,  when o n e  c o n s i d e r s  al.3, t h e  p o s s i b l e  v a r i a t i o n s  f r o m - i d e a l  

r e p r e s e n t a t i o n .  

2 .  Die lec t r ic  D i s ~ e ~  siui.1 

The m i c r o s t r u c t u r e s  of c o m m e r c i a l  IEL c a p a c i t o r s  c a n  he 

c o n s i d e r e d  2n terms 0 f . a  t h r e e  l a y e r  s t r u c t u r e .  D ie l ec t r i c  a n d  

e l e c t r i c a l  m e a s u r e m e n t s  i n d i c a t e  t h e  c o n d i ~ c t i v i t i e s  f o l l o w e d  t h e  
. . 

r e l a t i o n s h i p  o 1 "' 2 O3' w h e r e  s u b s c r i p t s  l i  2 ,  a n d  3 r e p r ( + -  

s e n t :  s e m i c o n d u c t i n g  g r a i n ,  i n t e r m e d i a t e  i n t e r f a c i a l  l a y e r  a n d  
. . 



v a l u e  o f  t 2 ' ( E )  600  was c h o s e n ,  w h i c h  i s  c o n s i s t e n t  w i t h  t h e  

s a t u r a t i o n  b e h a v i o r  o f  ( B a , S r )  ( T i , S n ) 0 3 .  P a r a m e t e r s  c a l c u l a t e d  

f r o m  i n t e r c e p t  a n d  s l o p e  d a t a  i n  F i g u r e  2 4  a r e  s u m m a r i z e d  i n  

T a b l e . 3 .  T h e s e  v a l u e s  a re  i n  g o o d  a g r e e m e n t  w i t h  c a t i o n  ' d o p a n t  

c o n c e n t r a t i o n s  ( 0 . 3  a t .  % )  i n  a i r  f i r e d  t y p e  G m a t e r i a l  , a n d  com- 

b i n e d  c a t i o n  a n d  a n i o n  c o n c e n t r a t i o n s  , n  r e d u c t i o n  f i r e d  t y p e  

J m a t e r i a l .  C a l c u l a t e d  d i e l e c t r i c  c o n s t a n t s  f o r  t h e  i n s u l a t i n g  

l ~ o u n d a r y  p h a s e  (k ) a r e  c o n s i s t a n t  k ~ i t h  EPMA a n d  STEM a n a l y s i s ,  
3  

w h i c h  i d e n t i f i e d  a t i t a n i a  r i c h  b o u n d a r y  p h a s e  i n  t y p e  G m a t e r i a l ,  
i 

a n d  b i s m u t h  r i c h  b 0 u n d a r i e . s  i n  t y p e  J c a p a c i t o r s .  I t  i s  p o s s i h l c ?  ! 
i 

t o  f o r m  i n s u l a t i n g  s e c o n d  p h a s e s  i n  t h e  b o u n d a r y . r e g i o n s ,  e . g . ,  

D a O - n T i 0 2  f o r  T y p e  G c a p a c i t o r s ;  a n d  b i s m u t h - t i t a n a t e - s t r o n t i u m  

t i t a n a t e  o r  b i s m u t h  t i t a n a t e  compounds  i n  T y p c  J d i e l e c t r i c s .  
/ 

The  c a l c u l a t e d  v a l u e s  o f  d i e l e c t r i c  c o n s t a n t  f o r  t h e  i n s u l a t . i n g  

l a y e r s  (K ' )  a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  v a l u e s  t a b u l a t e d  i n  
i 

3 

A p p e n d i x  E f o r  t h e  p o s s i b l e  compounds .  V a l u e s  o f  VB a r e  c o n s i s -  

t a n t  - w i t h  c a l c u l a t e d  a c t i v a t i o n  e 1 7 e r g i . e ~  ( 0 . 8 5  eT?) from t e m p e r a -  3 

rj 
t u r e  d e p e n d e n t  r e s i s t i v i t y  d a t a  ( F i q u r e  2 0 ) .  T h u s  t h e  11-c-i-c-n 1 
m o d e l  f o r  c o m m e r c i a l  I B L  c a p a c i t o r s  a p p e a r s  t o  be e s t r e m e l y  re le-  1 

i 
v a n t ,  when o n e  c o n s i d e r s  a l .1  t h e  2 o s s i b l e  v a r i - a t i o n s  f r o m  i d e a l -  1 

5 
r e p r e s e n t a t i o n .  

2 ;  - Die lec t r i c  .. ~ D i s p e r s i o n  -, .. , 

The m i c r o s t r u c t u r e s  o f  c o n x n e r c i a l  I B L  c a g a c i t o r s  c a n  b e  

c o n s i 6 e r e d  i n  terms o f  a  t h r e e  l a y e r  s t r u c t u r e .  D ie l ec t r i c  and  
F 

e l e c t r i c a l  m e a s u r e m e n t s  i n d i c a t c  t h e  c o n d u c t i v . i . t i . e s  f o l l o \ . ? e d  t h e  I 
r e l - a t i o n s h i p  CI > >  a 2  > a 3 ,  

1 
w h e r e  s u b s c r i p t s  1,  2 ,  a n d  3 r e p r e -  

s e n t :  s e m j . c o i ~ d u c t i n g  g r a i n ,  i n t e r m e d i a t e  i n t e r f  a c j . a l  l a y e r  a n d  
i 
i 
t 
i 
i i n s u i a t i n g  i r 1 t e r . y  i - ~ i u r  l a y e r ,  r e spec t i~ le l  y .  D ~ s e d  o n  f r e f f u e r l c y  1 



TABLE 3 

Mater ia l  iDarameters f o r  IBL Capacitors  

Mater ia l  

BaTi03 

SrTi03 

"l3 
( v o l t s )  



dependent dielectric constant plots and corresponding Cole-Cole 

analysis, the dielectric dispersion behavior for single junctions 

can be interpreted in terms of the n-c-i-c-n model. Two relaxation 

processes may occur, one between the grain and the intermediate lay- 

er, and the other between the intermediate layer and the intergran- 

ular layer. The Maxwell-Wagner model of a dispersive dielectric can 

be applied to each set of double layers, i.e., n/c and c/i. 

Consideration of material properties, ,03 , p 2  > >  pl, 

dl > >  d2 > d3 and K l l  1 K Z 1 ,  leads to a simplification of equa- 

tions 15-19, giving: 

For calculations of relaxation frequencies, an insulatio~l layer 

of O:1 Dm width, and an intermediate l a y e r  of 1 pn.1 width,were 

used. These values were consistent with SE?l and STE.1 analysis. 1 

'rhe value of dj.elect.ric constant for SrTiO and (Ea,Sr) ( T i , S n )  0 i 
3 ., 3 

, i 
f ,  . i 

were 300 and 6000, respectively. ~ h k  latter was a lo!.? field ' 

3 
i 
I 

val-ue, at 0.01 volts per 0.1 IJm i . . ,  0 V/cm). Calculatd 1 
i 

values of 1< ' ,  taken from C-V analysis (Table 3), were use6 for 3 
! 
f 

the insulating layer. Experimental values of resistivity were 

taken for the grain and insulating region. mean resistivity 

was estimated for the intermediate layer from Figure 39. This 

was an intermediate value, i. e. , between the tvo end meinl~er con- 

ditions. That is, p 2  was assumed to vary continuously from p 1 
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4 t o  p 3 .  C a l c u l a t e d  r e l a x a t i o n  f r e y u e n c j - e s  ( e q u a t i o n s .  28 a n d  2 3 )  

7 were f = 1 . 8  . 1 0  a n d  f 2 3  = 1 . 5  - l o 4  Hz f o r  ~ r ~ i . 0 ~  I B L C  mater- 1 2  

i a l  J-1. They  were i n  g o o d  a g r e e m e n t  w i t h  e x p e r i m e n t a l  C o l e -  

7 5 C o l e  d a t a ,  i . e . ,  1 . 5  1 0  Hz a n d  1 . 0  . 1 0  Hz, '  r e s p e c t i v e l y .  

C a l c u l a t e d  r e 1 a ; ; a t i o n  f r e q u e n c i e s  f o r  G a n d  J - ~ v J ~ I : ~  a l s o  i n  g o o d  

a g r e e m e n t  w i t h  e x p e r i m e n t a l  d a t a ,  a n d  a r e  s u m m a r i z e d  i n  T a b l e  4 .  

N o t e :  -r12 v a l u e s  a r e  much s m a l l e r  t h a n  T v a l u e s ,  a n d  T~~ i n d i -  2  3 

c a t e s  a  h i g h e r  f r e q u e n c y  r e l a x a t i o n .  The  d i s t r i b u t i o n  f a c t o r ,  a ,  

f o r  t h e  h i g h e r  f r e q u e n c y  r e l a x a t i o n ,  i s  less  t h a n  t h e  a v a l u e s  

a t  l o w  f r e q u e n c y . .  T h e s e  r e s u l t s  s u g g e s t  t h e  ~ l a s ~ ~ ~ . r e l l - ~ . l a g n e r  re- 

l a x a t i o n  i s  more  p r o n o u n c e d  a t  t h e  s e m i c o n d u c . t i n g - i . n t e r m e d i a t e  

l a y e r  i n t e r f a c e ,  t h a n  a t  t h e  i n t e r m e d i a t e  l a y e r - i n s u l a t i n g  i n t e r -  

f a c e ,  w h i c h  was  t o  b e  e x p e c t e d .  T h e  c o n d u c t i v i t y  o f  t h e  g r a i n  i s  t h e  

m o s t  i m p o r t a n t  c r i t e r i a  i n  t h e  d i e l e c t r i c  d i s p e r s i o n  b e h a v i o r  o f  

I B L  d i e l e c t r i c s .  The  h i g h e r  t h e  c o n d u c t i v i t y ,  t h e  g r e a t e r  t h e  

d i s p e r s i o n  f r e q u e n c y ,  a s  p r e d i c t e d  f r o m  e q u a t i o n  2 8 .  

, Die lec t r i c  d i s p e r s i o n  b e h a v i o r  o f  p o l y c r y s t a l l i n e  s p e c i -  

mens ( w i t h  a  n - c - i - c - n  s t r u c t u r e )  d i f f e r  s o m e . ~ h a t  f r o m  m e a s u r e -  

m e n t s  o n  s i n g l e  j u n c t i o n s .  T h e  r e s i s t a n c e  o f  h u l k  s p e c i m e n s  c a n  

b e  summed f r o m  a  s e r i e s  c o n n e c t i o n  o f  s i n g l e  j u i ~ c t i o n s ,  1.t7hic11 

r e s u l t s  i n  a  h i g h e r  a p p a r e n t  r e s i s t i v i t y .  T h e  i n s u 1 . a t i n g  l a y e r  

c a p a c i t a n c e  d o m i n a t e s  t h e  weak f i e l d  r a n g e  ( F i g u r e  1 3 )  : Dielec- 

t r i c  d i s p e r s i o n  b e h a v i o r  o f  b u l k  p o l y c r y s t a l l i n e  t y p e  G IEL c a p a -  

c i t o r s ,  e x h i l l i t  a  t y p i c a l  Dehye r e l a x a t i o n ,  a n d  t h e  r e l a x a t i o n  

f r e q u e n c y  : ( l o G  H z )  c a n  b e  e s t i m a t e d  f r o m  k '  v s .  f r e q u e n c y  p l o t s .  

The r e i a x a t i o n  f r e q u e n c . ~  c a n  a l s o  b e  o b t a i n e d  f r o m  Col -e -Cole  

p l o t s ,  i n  w h i c h  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  i s  v e r y  l o w ,  i . e . ,  

a = 0 . 0 3 ,  C a l c u l a t e d  c l i s p e r s i o n  p a r a m e t e r s  ( K s  - - 5 5 , 0 0 0 ,  



TABLE 4 

IYat,erial p r o p e r t i e s  f o r  a  S i n g l e  Junct ion  

Mesured  - 

dl = 5 0  urn, p1 = -50 R-cm, f12 = 5 - 1 0  5 Hz 
. . 

d  = 1 . 0  p m  2 
1 0  d, = 0 . 1  pm, = 1 C  R-cm, 4 

..- 3  f 2 3  = 1 - 1 0  Hz 

K 2  = 3 0 0  S r T i 0 3  (J-1) 

Calculated 

5 5 
P 2  = 1 0  1 f12 = 1 . 2  x 1 0  Hz 



-7 5 Kit = 6,000, rK : 2.4 x 10 , fK = 6.5 x 10 Hz) are in good 

1 agreement with experimental data (Figures 31 and 34). The dis- 

I 1 .  

persion characteristics of SrTi03 type J-1 a n d 0 ~ - 2  polycrystalline 

capacitors were weak in the mega Hz range. Further studies are 

needed at higher frequencies ( >  100 M H z )  for the dielectric dis- 

persion characteristics of SrTi03. IBL capacitors. 

For the experimental two layer structures, type I capaci- 

tors (i. e. , n-i-n) , re'laxation frequencies were calculated from 

the following expression, 

7 7 and were 2.7 10 Hz and 5 . 10 Hz respectively, for .types J-1 

and J-2 capacitors; which are in good agreement with experimental 

values (Figures 37 and 38). 

It is interesting to note, that in the three-layer model 

(n-c7i-c-n), the low distribution coefficient ( a )  for the Cole- 

Cole arc at high frequencies probably indicates a step junction 

between the r~.'onrl~icting grains and the intermediate compensation 

layer, whereas, the high distrihution coefficient at low frequen- 

cies, indicates a graded or diffuse junction, between the insula- 

ting layer and the compensation layer, which is to be expected 

from the diffusion processes involved in the processing. 
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phase, and this microstructure could be approximated by a simple 

n-i-n model. These capacitors were extremely stable with respect 

to voltage and temperature, .and were suitable for multilayer ca- 

pacitors. 

7. Dielectric dispersion behavior of single junctions 

in 1-arge.grain commercial IBL capacitors,were explained in terms 

of two relaxation processes. The resistivity of the semiconduct- 

ing grains played,an important role in the dielectric dispersion 

behavior. 

8 .  A hybrid representation of ceramic microstructure 

was propoged for commercial capacitors, and their properties ex- 

plained in terms of a n-c-i-c-n model. Capacita.nce-voltage 

characteristics and dielectrid dispersion behavior were inter- 

preted in terms of a three-layer equivalent circuit. . . 
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APPENDIX A 

P h a s e  Diagraln for t h e  B a O - T i 0 2  System 
5 1  



APPENDIX B 

Dielectric Constants of Several Sr0-Bi203-Ti02 Compounds 

~ielectric - 
Compound Constant, I< '  Temperature (OC)  



A P P E N D I X  C  

' . . E q u ' i v a l e n t  C i r c u i t s  f o r  a T h r e e  Layer  
n-c-i-c-n S t r u c t u r e  

The c o m p o s i t e  a d m i t t a n c e  ( Y )  of ser ies  connected l ayers  

f o l l o w s  : 

w h e r e  

I - 
Y 2  - ii2 + i w c  2  

S u b s t i t u t i o n o f  Y1, Y2 and Y3 i n t o  , equa t ion  C 1  g i v e s  

2  2  i w {  (R C  +R C +R3C3-w RLR2R3C1C2C3) LR1+R2+R3 -o R  R  R (C1C2+C2C3+C1CJ)! 
1 1  2 2  1 2  3 + 2  2 

[R +R +R3-o R.R. R. (C C +C2CJ+ClC3) 1 1 2  I L 3  1 2  

~ r o m  equat icr .  C 2  t h e  f o l l o w i n g  e l e c t r i c a l  p a r a m e t e r s  can be der ived 



+ w ' (R,  -R,-R,C 





The s t a t i c  l i m i t s  ( w  = 0 )  on t h e  f requency  dependent  t e rms  a r e :  

and a t  i n f i n i t e  freque.ncy ( w  = - )  

I n  te rms of m a t e r i a l  p r o p e r t i e s  ( K ' ,  p )  









SUGGESTIONS FOR FUTURE IiORK 

1. A model was proposed t o  e x w l a i n  t h e  m i c r o s t r u c t u r e -  

w r o p e r t y  r e l a t i o n s  f o r  IBL c a D a c i t o r s .  To f u r t h e r  s u b s t a n t i a t e  
- 

1 - 
t h i s  model ,  f u r t h e r  m i c r o s t r u c t u r a l  a n a l y s i s  is s u g g e s t e d ,  e s -  

n 

p e c i a l l y  o f  t h e  p h y s i c a l  and chemica l  n a t u r e  of  t h e  boundary  

1 c o n d i t i o n s .  
. . 

2 . .  ~ d d ' i t i o n a l  develbwment of a  m u l t i l a y e r  IBL c a ~ a c i -  

t o r  i s  recommended, w i t h  t h e  e x n r e s s e d  o u r o o s e  o f  d e v e l o o i n g  

f i n e  g r a i n  m i c r o s t r u c t u r e s .  

3 .  The n a t u r e  o f . c e r a m i c  m i c r o s t r u c t u r e  and r e l a t e d  

e l e c t r i c a l  p r o ~ e r t i e s  o f  semiconducting/insulating c e r a m i c s  

s h o u l d  b e  r e i n v e s t i g a t e d ,  e s D e c i a l l y  w i t h  r e s ~ e c t  t o  ZnO b a s e d  

v a r i s t o r s  and PTCR BaTiO t h e r m i s t o r s .  
3 
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